Chapter 13

Emerging Technologies to Increase

the Bioavailability of Poorly Water-Soluble
Drugs

Leena Kumari Prasad, Justin R. Hughey, James W. McGinity, Dave A. Miller,
and Robert O. Williams III

Abstract The need for novel processes and formulation-based techniques to
enhance the solubility of poorly water-soluble drugs has increased substantially in
recent years. This is primarily due to the limitations of traditional techniques such
as physical and chemical stability of the drug substance or the need for toxic sol-
vents that some techniques require. Alternative solubility-enhancement techniques
have emerged in recent years to mitigate issues such as these. The purpose of this
chapter is to describe emerging technologies for solubility enhancement, allowing
the reader to gain an understanding of their utility.
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13.1 Introduction

With the advent of high-throughput screening techniques in drug discovery, the
number of compounds reaching the formulation development stage has increased
drastically (Lipinski et al. 2001; Lipinski 2004). Consequently, this has given rise to
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a dramatic increase in the number of compounds that exhibit poor water solubility.
These drug substances may also exhibit instabilities or other properties that severely
limit standard processing and formulation techniques. The development of new
techniques to improve the bioavailability of compounds such as these has become a
major point of interest in the pharmaceutical industry. In recent years, a number of
novel processing and formulation techniques have emerged that allow for the
successful manufacture and delivery of these compounds.

Emerging technologies that utilize specific processes primarily offer novel methods
of forming amorphous solid dispersions (ASD) with traditional materials. These tech-
nologies offer alternatives to methods such as spray drying and hot-melt extrusion
(HME). Specifically, KinetiSol® Dispersing (KSD), 3D printing, and electrostatic spin-
ning are emerging techniques that have recently been developed for the production of
ASDs. Emerging formulation techniques include the use of mesoporous materials as
carriers for adsorbed drugs and the preparation of co-amorphous mixtures. The follow-
ing sections discuss the background of each of these techniques, as well as specific
examples that exhibit the advantages of each bioavailability enhancement technique.

13.2 Process-Based Techniques

Solid dispersions have received a significant amount of interest in the scientific litera-
ture as a method to improve the oral bioavailability of poorly water-soluble compounds
(Serajuddin 1999; Leuner and Dressman 2000; Breitenbach 2002; Crowley et al.
2007). These systems, originally described by Sekiguchi and Obi, contain at least one
drug substance dispersed within an inert carrier in the solid state (Sekiguchi and Obi
1961; Chiou and Riegelman 1971). ASDs, in which the drug is molecularly dispersed
in a single-phase system, may be prepared by methods that can be broadly classified as
being solvent- or fusion-based techniques. Traditional high-throughput manufacturing
processes such as spray drying and HME have been used with great success for the
production of many solid dispersion systems. However, each technique has inherent
disadvantages that may prevent the successful processing of some compounds.

While the spray-drying process has the advantage of utilizing traditional manu-
facturing equipment, it relies on the use of potentially toxic solvents which must
ultimately be recovered and properly disposed of. Dispersions prepared by spray
drying often require extended drying steps in order to reduce residual solvent levels
to those outlined in International Conference on Harmonization guidelines.
Furthermore, the spray-drying process can produce dispersions with relatively low
bulk densities requiring additional downstream processing such as roller compaction.

The HME process may not be feasible in cases where the drug substance is
thermally labile or shear sensitive. One major disadvantage of this technology is
that high temperatures and prolonged residence times are normally required to
facilitate the transition from the thermodynamically stable crystalline state to the
high-energy amorphous state. Many drug substances are known to degrade at ele-
vated temperatures (Murphy and Rabel 2008; Repka et al. 2003, 1999; Follonier
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et al. 1994) and degradation due to thermal exposure has been reported for many
pharmaceutically relevant polymers (El’Darov et al. 1996; Crowley et al. 2002;
Capone et al. 2007). Simply reducing processing temperature to limit degradation
may not be feasible due to viscosity and glass-transition temperature limitations.
To circumvent this issue, liquid or solid-state plasticizers may be incorporated into
dispersions as a processing aid (Repka et al. 1999; Follonier et al. 1994; Zhu et al.
2002, 2006). While incorporation of a plasticizer does allow for processing at
decreased temperatures, it may result in a physically unstable system due to
reduced glass transition temperature, T,, and increased molecular mobility
(Hancock et al. 1995; Hancock 2002).

Residence times at elevated temperatures in a HME process will vary with pro-
cessing conditions, but can be expected to fall within the 1-2 min range and in some
cases as long as 10 min (Verreck et al. 2006; Kumar et al. 2008). In order to reduce
the residence time in a hot-melt extruder, the level of mixing can often be adjusted
by the addition or removal of mixing elements. While reducing the number of mix-
ing elements will, in most cases, decrease residence time, specific shear input is
reduced and drug substances may not fully transition to the amorphous state.

13.2.1 KinetiSol® Dispersing

Kinetisol® (KSD) is a fusion-based processing technique for the rapid production of
polymeric amorphous solid dispersions. In this high-energy mixing process, a shaft
with protruding blades rotates at speeds of up to 3500 rpm within a sealed processing
chamber containing a drug-polymer blend. A cross-sectional view of the processing
chamber is illustrated in Fig. 13.1. Through a combination of kinetic and thermal
energy, compositions are processed into a molten mass without the need for external
heat input (DiNunzio et al. 2010c). Along with the molten transition, KSD rapidly

Fig. 13.1 Cross-sectional
view of the KinetiSol®
Dispersing processing
chamber. Reproduced with
permission from DiNunzio
et al. (2008)
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Fig. 13.2 Kinetisol® KC254B Compounder for batch-mode operation (Courtesy of Dispersol
Technologies)

and thoroughly mixes the API with the excipient(s) on a molecular level to achieve
single-phase, homogenous ASD systems. A computer-control module monitors the
real-time temperature of the composition and upon reaching the ejection tempera-
ture set point the molten material is ejected. Total processing times are typically less
than 20 s and elevated temperatures are generally maintained for less than 5 s, thus
significantly reducing the time the drug-polymer system is exposed to elevated
temperatures.

KSD compounders can be operated in batch mode or as a semi-continuous process.
The batch-mode KSD compounder (Model: KC254B) is shown in Fig. 13.2 and the
semi-continuous compounder (Model: KC254C) is shown in Fig. 13.3; the semi-
continuous unit enables automated feeding and quenching operations every
0.5-2 min with product throughput of 20-30 kg/h. The proof of concept work with
KSD for pharmaceutical ASD systems was first evaluated on industrial-scale
compounders with batch sizes from 1 to 10 kg (Miller 2007); however, it has since
been scaled down to accommodate pharmaceutical development with further
reduced material needs.

DiNunzio et al. conducted early evaluations of the KSD technology to prepare
solid dispersions of itraconazole (ITZ) (DiNunzio et al. 2010c, d, b, 2008).
Compositions of ITZ with hypromellose (hydroxypropyl methyl cellulose, HPMC)
and Eudragit® L.100-55 prepared using KSD showed comparable or more rapid drug
release in-vitro those prepared by HME; this finding did not show a significant
difference in-vivo using a rat model (DiNunzio et al. 2008, 2010c). However, KSD
was shown to prepare dispersions that were more homogenous, as seen by single T,
values with thermal analysis, and more physically stable, as they did not require a
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Fig. 13.3 Kinetisol® KC254C Compounder for semi-continuous operation (Courtesy of Dispersol
Technologies)

plasticizer for processing, as is often the case with HME (DiNunzio et al. 2010b, c).
The authors showed that 1:2 compositions of ITZ:Eudragit® L100-55, an enteric
polymer with concentration enhancing properties, could not be effectively processed
by HME due to high viscosity and decomposition of the polymer (DiNunzio et al.
2010b). Triethyl citrate (TEC) was incorporated into HME compositions at 20 % (by
dry polymer weight) as a processing aid. Conversely, compositions containing a 1:2
ratio of ITZ: Eudragit® L100-55 were successfully processed by KSD, primarily due
to the high torque output inherent to this technology. All samples were determined to
be amorphous by powder x-ray diffraction (PXRD). Furthermore, modulated DSC
analysis showed that the HME and KSD compositions exhibited glass transition tem-
peratures of 54.2 °C and 101.3 °C, respectively; the lower T, of the HME due to the
incorporation of TEC. Milled samples were placed at accelerated stability conditions
(40 °C/75% RH) for 6 months to evaluate the physical stability of compositions
prepared by each processing method. As shown in Fig. 13.4, crystalline peaks identi-
fied as those characteristic of ITZ were found in HME compositions at the 3- and
6-month time points, indicating physical instability due to increased molecular
mobility. Compositions prepared by KSD exhibited physical stability over the same
6-month testing period. Since these studies, the application of KSD has evolved to
increase the formulation design space for amorphous solid dispersions, including the
ability to process high melting point and thermally sensitive materials and high
viscosity polymer carriers, which are particularly difficult to process using HME and
spray-drying processes.

With HME processing, temperatures must be sufficiently high to produce molten
material to enable proper mixing and dispersion and/or solubilization of the drug into
the polymer carrier; this is usually 15-30 °C above the melting point of the drug
substance and/or polymer. Thus, with high melting point drugs, high processing tem-
peratures would be required, which could be detrimental to the chemical stability of
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Fig. 13.4 PXRD patterns of HME and KSC ITZ:Eudragit L100-55 solid dispersions measured
over 6 months accelerated stability at 40 °C/75 % RH. Samples were stored in 30 cc HDPE induc-
tion sealed bottles. Reproduced with permission from DiNunzio et al. (2010b)

the drug and/or polymer (Lakshman et al. 2008; LaFountaine et al. 2015b).
Alternatively, a substantial amount of plasticizer would be required to reduce
processing temperatures, which could reduce the physical stability of the solid dis-
persion (Verreck 2012). The high shear rates imparted by the KSD accelerate the
solubilization kinetics of a compound in a molten polymer, which allows processing
temperatures below the melting point of the drug. Because of this, the production of
ASD systems with high melting point materials (T,,>225 °C) is possible with KSD
processing. Hughey et al. demonstrated the ability to process high melting point
drugs with the KSD process, using meloxicam (MLX) with a melting point of 270 °C
as a model compound (Hughey et al. 2011). This study utilized Soluplus® as the
polymer carrier. KSD, at all rotor speeds and ejection temperatures studied, rendered
all samples amorphous; however, higher ejection temperatures yielded more MLX
degradation. With 3000 rpm rotor speed and an ejection temperature of 110 °C,
98.6 % MLX recovery was obtained from the final dispersion. Extrusion was carried
out at temperatures up to 175 °C; however, dispersions still exhibited a low degree of
residual crystallinity when the molten material was recirculated for 2 min. Additionally,
the longer residence time led to degradation, with only 87.1 % MLX recovery.
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Fig. 13.5 KSD temperature profiles for 1:2 ITZ:HMPC E50LV compositions. Reproduced with
permission from Hughey et al. (2012)

More recently, KSD was utilized to prepare amorphous solid dispersions of acetyl-
11-keto-b-boswellic acid (AKBA) with a melting point of 295 °C, a compound
unable to be extruded due to its high melting point and thermal liability (Bennett
etal. 2013). KSD was able to render AKBA amorphous with four different polymeric
carriers: HPMCAS-LF, HPMCAS-MF, Eudragit® L100-55, and Soluplus® in combi-
nation with Eudragit® L.100-55 with potency of greater than 99 %.

In addition to being able to process high melting point drug substances, the short
processing times and lower ejection temperatures with KSD were shown to allow
processing of thermally labile drugs (DiNunzio et al. 2010a; Hughey et al. 2010).
The short residence times of the KSD process can also benefit the thermal stability
of the polymer carrier; additionally, the high torque outputs allow for the ability to
process high viscosity, high molecular weight carriers—both of these increasing the
options for polymeric carriers of amorphous solid dispersion systems. Hughey et al.
showed that the within a given chemistry of cellulosic polymers, the higher the
degree of ITZ supersaturation was seen with increasing viscosity, albeit up to a
point (Hughey et al. 2012). HPMC E50LV was evaluated as one of the promising
viscous polymers for ITZ supersaturation; however, at HME processing tempera-
tures above its T,, HPMC has been shown to brown/darken and chemically degrade
(LaFountaine et al. 2015b; Coppens et al. 2004). Hughey et al. evaluated the effect
of processing conditions, shown in Fig. 13.5, and found that the polymer degrada-
tion was related to both shear and thermal energy input, as well as the interaction
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Fig. 13.6 PXRD profiles (from bottom to top) of GRIS crystalline drug (— —), 10 % drug load
physical mixtures (——), HME processed dispersions (——), and KSD processed dispersions
(== =) (from 10 to 40 % drug load) in (a) (PVP K17) and (¢) (HPMC ES5). KSD processed disper-
sions of PVP K30 (— —) and PVP K90 (— —) (from 10 to 40 % drug load) in (b) and KSD pro-
cessed dispersions of HPMC E15 (— —) and HMPC E50 (— —) (from 10 to 40 % drug load) in
(d). Reproduced with permission from LaFountaine et al. (2015a)

between the two suggesting the polymer chains may be more susceptible to shearing
forces at higher temperatures. KSD was able to render the ITZ: HPMC ESO0LV
compositions amorphous, including with increasing drug load up to 50 % w/w, with
limited polymer degradation and no noticeable browning at processing speeds of
2250 rpm and ejection temperature of 120 °C, significantly lower than the melting
point of both the drug or polymer.

LaFountaine et al. systematically investigated the processability of increasing
polymer molecular weight and thus viscosity using HPMC (ES, E15, and E50) and
polyvinylpyrrolidone (PVP) (K17, K30, and K90) using HME and KSD with gris-
eofulvin (GRIS) as a model drug (LaFountaine et al. 2015a). As seen with previous
studies, HPMC E15, HPMC E50, PVP K30, and K90 were not amenable to HME
processing without a plasticizer (Fousteris et al. 2013; Ghebremeskel et al. 2006).
Additionally, the HME dispersions prepared with HPMC ES and PVP K17 were
phase separated at higher drug loads, as shown in Fig. 13.6. However, KSD was
able to prepare amorphous dispersions for all polymer grades at drugs loads of 10,
20 and 40 %, with the exception of a small degree of residual crystallinity seen in
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Fig. 13.7 PXRD profiles of (from bottom to top) bulk ITZ, ITZ: PVA 4-38 (1:4), ITZ: PVA 4-75
(1:4), ITZ: PVA 4-88 (1:4), ITZ: PVA 4-88: 40-88 (1:2:2) and ITZ 4-98 (1:4). Reproduced with
permission from Brough et al. (2015)

the PVP K30 40 % drug load formulation. Although, GRIS, a proton acceptor, is
expected to interact with PVP, a proton acceptor, no chemical interaction was seen
via FTIR or FT-Raman analysis. After 6 months at open dish accelerated stability
conditions (40 °C/75 % RH), all formulations showed no physical change via PXRD.
With no chemical interactions, the stabilization of these systems was attributed solely
to decreased molecular mobility.

The ability of KSD to process materials not previously amenable to thermal pro-
cessing or spray drying due to melting point and viscosity limitations has opened
the door to evaluating polymers that were thus far not considered for ASDs.
Polyvinyl alcohol (PVA) is a hydrophilic, non-toxic, semi-crystalline polymer often
utilized as a stabilizing agent in emulsions, a viscosity increasing agent or lubricant
in ophthalmic and topical solutions, as well as in composite biodegradable materials
(Rowe et al. 2012). The high viscosity and melting point of the polymer limits its
use in HME as it requires up to 40 % plasticizer to reduce processing temperatures,
particularly with PVA grades with a high degree of hydrolysis (De Jaeghere et al.
2015). Brough et al. evaluated PVA grades with varying degrees of hydrolysis with
ITZ, showing that KSD processing was able to render the ITZ amorphous, while the
PVA retained its crystalline structure (Brough et al. 2015), as shown in Fig. 13.7.
The PVA 4-88 and 4-75 grades, indicative of 88 and 75 % hydrolysis, respectfully
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Fig. 13.8 ITZ dissolution rates measured by USP Method II at 50 rpm at 37 °C in 0.1 N HCI: (a)
ITZ and PVP solid dispersions at 0.2 mg/mL at ITZ concentration; (b) ITZ, PVP, and C888 solid
dispersions at 0.2 mg/mL ITZ concentration. Reproduced with permission from Keen et al. (2015)

(Note: 98 % is considered fully hydrolyzed), showed rapid and full drug release, as
the highly hydrolyzed grades are more water-soluble.

With the ability to prepare higher drug loads, KSD offers a significant advantage
to reduce pill size and pill burden. Hughey et al. investigated a 1:3 carbamazepine
(CBZ): Soluplus® formulation at a 70 % dispersion loading in tablet and found that
the drug release was slowed after compression, with less than 80 % release in 2 h
compared to the 100 % drug release in less than 30 min from the dispersion alone in
0.1 N HCl dissolution media (Hughey et al. 2013). The addition of potassium bicar-
bonate at levels as low as 1 % to the tablet formulation allowed for rapid disintegration
to obtain a release profile similar to that of the dispersion alone. In another study,
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Hughey et al. incorporated a low-substituted grade of hydroxypropyl cellulose
(HPC), a compressible superdisintegrant, in the dispersion composition for nifedip-
ine (NIF): HPMCAS to improve disintegration properties after tablet compression,
finding that the intragranular disintegrant enabled higher drug release in the acid
phase due to improved wetting (Hughey et al. 2014). Alternatively, Keen et al. eval-
uated the use of KSD to prepare monolithic tablets direct shaping/molding from the
ejected KSD molten mass (Keen et al. 2015). To prepare a controlled release tablet
formulation of ITZ, high molecular weight PVP K30 was utilized as the polymer
carrier and glyceryl behenate (Compritol 888 ATO, C888), a hydrophobic lipid, as
the release modifier and plasticizer. When compared to ITZ: PVP K30 formulations
with and without C888 prepared by HME, followed by milling and tablet compres-
sion, the monolithic tablet exhibited a zero order release with a slowed release from
the C888 containing formulations, while the compressed tablets showed a plateau in
drug release as shown in Fig. 13.8, attributed to water ingress into tablet pores that
enabled local precipitation.

13.2.2 3D Printing

The FDA approval of the first 3D printed tablet, Spritam®, set a precedence for the
use of 3D printing for the manufacture of dosage forms. Printing boasts capabilities
for dispensing low volumes with accuracy, spatial control, and layer-by-layer
assembly to prepare complex compositions and geometries. 3D printing is defined
as a form of additive manufacturing whereby a structure is assembled by depositing
or binding materials in successive layers to produce a 3D object (Chua et al. 2014).
Previously utilized as a subset of rapid prototyping to quickly fabricate models and
prototypes, 3D printing it is now being developed a scalable manufacturing process
and has become more prevalent in biomedical and drug delivery applications over
the last 30 years (Giinther et al. 2014; Dimov 2001; Rowe et al. 2000; Alomari et al.
2015; Goyanes et al. 2015a; Daly et al. 2015; Goyanes et al. 2015b; Skowyra et al.
2015; Iulia et al. 2003; Boehm et al. 2011). On-going development activities have
opened the path to utilizing printing techniques for poorly soluble compounds, par-
ticularly with fused deposition modeling (FDM) which utilizes some common ther-
moplastic polymer carriers as the feed material.

13.2.2.1 Fused Deposition Modeling

Fused deposition modeling (FDM), also referred to as fused filament modeling
(FFM), is conducted by feeding thermoplastic filament(s) via roller; the filament is
heated by heating elements/liquefier into a molten state to allow for extrusion
through the nozzle tip. Upon deposition, the material cools or is cooled and solidi-
fies and the final structure is built in a layer-by-layer fashion, as shown in Fig. 13.9.
Some polymers, such as polylactic acid (PLA), PVA, and acrylonitrile butadiene
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Fig. 13.9 Schematic of
fused deposition modeling
(FDM) printer. Reproduced
with permission from
Gross et al. (2014)
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styrene (ABS), are commonly used with the FDM process and are commercially
available as pre-processed filaments. More recently, FDM has expanded to include
the deposition of any material that can flow through a nozzle or syringe and harden
or be hardened for layer-by-layer assembly of a structure/dosage form (Campbell
et al. 2012; Malone and Lipson 2007).

Skowyra et al. incubated commercially available PVA filaments in a methanol
solution of prednisolone (PDN) for 24 h (Skowyra et al. 2015). The methanol was
chosen to both solubilize the poorly water soluble PDN and reduce swelling of the
PVA filament. After drying, a drug load of approximately 1.9 % was achieved, with
the adsorbed PDN mostly in the amorphous state from the evaporation of the metha-
nol. The drug-loaded filament was then used with a FDM printer to prepare tablets
with varying size and, thus, varying doses, 2—-10 mg. With a low drug loading and
residual crystallinity, most probably due to the rate of drying, incubation may not be
optimal for the preparation of amorphous solid dispersion filaments for use with
FDM. However, filaments can be prepared by HME or by an extruder incorporated
upstream from the printer nozzle to allow for more flexibility on composition,
including the incorporation of an active drug substance for the preparation of an
ASD as the feed filament (Hoque et al. 2012; Sandler et al. 2014; Wang et al. 2004;
Hamid et al. 2011).

Goyanes et al. prepared drug loaded PVA filaments with each APAP and caffeine
(CAF) using HME to prepare filaments for use with FDM (Goyanes et al. 2015b).
Fixed dose combination (FDC) tablets were prepared with multilayered and tablet-in-
tablet geometries containing both drugs, as shown in Fig. 13.10. APAP was rendered
amorphous during the HME process, but the CAF remained dispersed in its crystalline
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Fig. 13.10 Schematic of (a) multilayer and (b) tablet-in-tablet geometry for acetaminophen and
caffeine FDC tablets. Reproduced with permission from Goyanes et al. (2015b)

state. The multilayered tablets exhibited synchronous release of both drugs, while the
tablet-in-tablet geometry showed delayed release of up to 135 min of the inner
component when the outer layer was APAP and up to 90 min delayed release when the
outer layer was CAF, shown in Fig. 13.11. Longer delayed release was observed when
the drug loading was lower, as the PVA levels are higher and control the erosion-based
drug release. This study showed the ability to make complex geometries to control
drug release using HME to prepare ASD as feed filament.

13.2.3 Electrostatic Spinning

Electrostatic spinning is a technique that has been used successfully in the polymer
industry for many years to produce a variety of products, such as separation mem-
branes (Doshi and Reneker 1993; Reneker and Chun 1996). As applied in the polymer
industry, a polymer in solution is drawn through a capillary tube that is subjected to an
electric field. As the electric field intensity is increased, the solution forms a Taylor
cone at the tip of the capillary tube. Once the electric field overcomes the force of
surface tension, the solution is ejected in the form of an electrically charged jet. As the
solvent evaporates, narrow unwoven filaments are formed that have diameters rang-
ing from 50 nm to 5 pm (Doshi and Reneker 1993). An illustration of a simple elec-
trostatic spinning process is shown in Fig. 13.12. Factors affecting the overall diameter
of the electrostatically spun fibers include, but are not limited to, polymer solution
viscosity, surface tension of the polymer solution, electric field strength, feed rate, and
dielectric constant (Deitzel et al. 2001). This technique was then applied to the phar-
maceutical industry for both controlled and immediate release applications (Baldoni
and Ignatious 2001; Igantious and Sun 2004; Kenawy et al. 2002; Verreck et al. 2003a,
b). In pharmaceutical applications, a drug substance and polymer are dissolved in
a solvent system, as would be required in a spray-drying process. In another
embodiment, the polymer could be melted in a solvent-free system, provided that
the drug substance and polymer are not thermally labile and the resulting viscosity
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Fig. 13.12 Schematic of electrostatic spinning system in a (a) vertical set-up and (b) horizontal
set-up. Reproduced with permission from Bhardwaj and Kundu (2010)

Fig. 13.13 Scanning electron micrograph of (a) ITZ/HPMC 40:60 w/w electrostatically spun
fibers at 16 kV (magnification 2000x), (b) ITZ/HPMC 40:60 w/w electrostatically spun fibers at
24 kV (magnification 500x). In the insert (magnification 8500x%), the bar represents 3 pm, and (c¢)
ITZ/HPMC 20:80 w/w electrostatically spun fibers at 24 kV (magnification 2000x). Reproduced
with permission from Verreck et al. (2003a)

is sufficiently low; this process is also referred to as melt electrospinning (MES)
(Ignatious et al. 2010).

In one of the first pharmaceutical-related studies, Verreck et al. investigated the
use of electrostatic spinning for the preparation of hydrophilic amorphous solid
solutions containing ITZ (Verreck et al. 2003a). HPMC-based compositions con-
taining 20 % (w/w) and 40 % (w/w) ITZ were prepared in an ethanol and methyl
chloride co-solvent system. A solids concentration of 12% (w/w) was chosen
based on optimal viscosity. A voltage of 16 or 24 kV was applied and unwoven
fibers were collected. Fibers containing 40 % ITZ processed at 16 and 24 kV were
found to have diameters ranging from 1 to 4 pm and 300-500 nm, respectively, as
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shown in Fig. 13.13a, b. However, as the drug loading was decreased to 20 % and
processed at 24 kV, fiber diameters ranged from 500 nm to 3 pm, as shown in
Fig. 13.13c. These findings demonstrated that drug concentration within the fiber and
the electric potential applied can both have a significant impact on the morphology
of the resulting fiber.

Unmilled fibers were found to be amorphous in nature and showed no signs of
crystalline character, but the presence of a solid solution was not verified. It was
found that when milled, the composition containing 40 % ITZ exhibited a small
degree of crystallinity. An in vitro dissolution analysis of the unmilled fibers in
0.1 N HCI showed complete ITZ release; however, the rate was slower than that of
solvent cast films and HME-processed compositions.

Ignatious et al. further demonstrated the utility of electrostatic spinning for the
preparation of solid dispersions (Ignatious et al. 2010). In this work, the research-
ers evaluated three compounds in poly(ethylene oxide) (POLYOX®),
polyvinylpyrrolidone-vinyl acetate copolymer (PVPVA), and poly(vinyl pyrrol-
idone) (PVP) matrices. In one example by Ignatious et al., a proprietary com-
pound (Compound I) was electrostatically spun in a PVP matrix at a concentration
of 40 % and demonstrated by DSC and XRPD analyses to be amorphous. The
nanofibers were dosed to fasted adult male beagle dogs to assess their absorption.
Similarly, compressed nanofibers (pellets), non-milled compound I, and wet-
bead-milled compound I were assessed. The plasma AUC values demonstrated
that wet-bead-milled compound I provided the highest degree of absorption, fol-
lowed by the nanofibers, nanofiber pellets, and non-milled compound I. The
researchers stated that the nanofiber composition could be optimized to further
improve absorption.

In a second example by Ignatious et al., another proprietary compound (com-
pound IT) was formulated by electrostatic spinning in both POLYOX® and Eudragit®
L100-55 matrices. The in vitro dissolution rates were studied at pH values of 1.0
and 7.5, as illustrated in Fig. 13.14. At pH 1.0, the matrix utilizing POLYOX®
exhibited release rates similar to a nano-milled formulation. The dissolution rate of
Eudragit® L100-55-based matrices was very low due to its poor solubility at this pH
value. At a dissolution medium pH of 7.5, the Eudragit® L100-55-based electrostati-
cally spun formulation provided a significantly faster dissolution rate than the nano-
milled formulation and the POLYOX®-based fibers. This dissolution rate increase
was primarily due to the amorphous nature of compound II and/or the concentration
enhancing properties of Eudragit® L100-55.

More recently, coaxial electrospinning was utilized to prepare a multi-component
fiber system (Yu et al. 2011). For this system, a core formulation was prepared using
acyclovir and PVP, with a surrounding sheath consisting of PVP, sodium dodecyl
sulfate, and sucralose. With a high melting point (257 °C) and poor solubility in water,
as well as many organic solvents, acyclovir was especially challenging to process
using conventional HME or spray drying methods. However, using coaxial electros-
pinning, the core solution of 10 %w/v PVP and 2 %w/v acyclovir in a dimethylacet-
amide: ethanol (4:6), not typically amenable to electrospinning, was able to be
processed as the sheath solution, consisting of 10 %w/v PVP, 0.5 %w/v SDS, and
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Fig. 13.14 In vitro dissolution profiles of Compound II at (a) pH 1.0 and (b) pH 7.5. Reproduced
with permission from Ignatious et al. (2010)

0.2%wl/v sucralose in a water:ethanol (2:8) acted as a guide, enabling the formation
of core-sheath nanofibers. These prepared fibers resulted in rapid drug release, 100 %
within 1 min due the amorphous nature of the drug and high surface area, compared
to the 40 % drug release in 60 min from micronized (<100 pm) acyclovir particles.
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Fig. 13.15 CAR drug release in 900 mL 0.1 M HCI, USP II at 50 rpm. (MES melt electrospun
fibers, SES solvent-based electrospun fibers, EX HME particles, CAR unprocessed crystalline
carvedilol). Reproduced with permission from Nagy et al. (2013)

Nagy et al. conducted a study to evaluate the properties of a dispersion of
carvedilol (CAR) with Eudragit® E prepared using HME, electrospinning, and MES
(Nagy et al. 2013). All methods produced amorphous solid dispersions with a 20 %
drug load; however, the mean fiber diameter of the MES material was significantly
larger than that from electrospinning, 250 pm versus 0.7 pm, respectively, which
also resulted in lower specific surface area with the MES fibers. The HME particles
were milled to 20 pm mean particle size, and they were all evaluated for drug release
against he crystalline CAR, as shown in Fig. 13.15. Surprisingly, the MES material,
with larger fiber diameter and lower surface area, exhibited a faster release profile
than the electrospun fibers; while both fibers showed faster release than the HME
particles. A similar drug release trend was seen with CAR from a copovidone
(PVPVA 64) carrier (Balogh et al. 2015). As with HME, plasticizers can be added to
reduce processing temperatures as needed (Balogh et al. 2014).

Electrostatic and MES are promising processes to produce ASDs that exhibit
very large surface areas due to the production of nano- and micro-sized fibers. The
rapid drying of the solvent-based electrospinning process is able to produce amor-
phous drug molecules dispersed in the polymer matrix and allow for higher drug
loading than HME (Nagy et al. 2012; Yu et al. 2011). The continued development
of the electrospinning process has allowed for the introduction of new techniques,
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such as coaxial electrospinning, for pharmaceutical dosage form design and will
continue to lead to more novel and multi-functional dosage forms.

13.3 Formulation-Based Techniques

While the formation of ASDs is an effective technique to enhance the bioavailability
of poorly water-soluble compounds, there are a variety of other formulation-based
techniques that can achieve the same goal. Many of these techniques are covered in
previous chapters, including formation of salts, co-crystals, co-solvent or com-
plexed systems, and lipid based or self-emulsifying drug delivery systems. However,
some of these systems have limitations, such as toxicity limits with surfactants and
other lipids; thus, formulation techniques continue to be developed for bioavailability
enhancement.

13.3.1 Mesoporous Materials

Mesoporous materials, defined as having pore diameters from 2 to 50 nm, have
emerged as promising carriers for poorly soluble compounds. The distribution of
nanosized pores provides a high surface area for drug loading and thin channels that
prevent formation of highly ordered crystals, maintaining deposited drug in its
metastable amorphous state (Wang et al. 2010). Additionally, the pore size or sur-
face chemistry of the material can be readily tailored to allow for immediate, sus-
tained or controlled release of the adsorbed drug (Wang et al. 2015).

13.3.1.1 Mesoporous Silica

Ordered mesoporous silica (OMS) materials were discovered in the early 1990s by
the Mobil Corporation for use in a broad range of applications such as catalysis and
optics; however, by 2001, these high surface area and highly porous materials were
being evaluated as carriers for drug delivery (Vallet-Regi et al. 2001). With the
recent clinical approval of the Cornell Dots (C dots), the safety of these inorganic
materials is being evaluated, opening the door for future clinical studies for OMS
for drug delivery (Bradbury et al. 2015).

OMS materials can have a wide range of mesostructures from 1D lamellar to
tetragonal (Garcia-Bennett et al. 2005); however, the most commonly used OMS
materials for drug delivery are characterized as having a 2D hexagonal or 3D cubic
mesostructures, as shown in Fig. 13.16. Materials are available in a wide range of
mesopore diameters (2 nm <Dp <50 nm) and have relatively large pore volumes of
0.6-1.0 mL/g (Mamaeva et al. 2013). Two of the most commonly used OMS mate-
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50 nm 100 nm

Fig. 13.16 TEM image (left top) and model of unit cell (left bottom) of 2D hexagonal mesostruc-
ture and TEM image (right top) and model unit cell (right bottom) of 3D cubic mesostructure.
Reproduced with permission from Fadeel and Garcia-Bennett (2010)

rials investigated in recent years are MCM-41 (Mobil Composition of Matter
No. 41) and SBA-15 (Santa Barbara Amorphous No. 15) (Mellaerts et al. 2008b;
Wang et al. 2013). The pore diameter ranges between 2 and 10 nm for MCM-41 and
5 and 15 nm for SBA-15 (Zhao et al. 1998). Note that SBA-15 can be prepared to
exhibit a 2D hexagonal or 3D cubic structure (Kruk et al. 2000). In addition to small
pore diameters and high pore volumes, these materials have a high surface area
(600-1000 m?/g) and a dense distribution of silanol groups (2-3 groups/nm) to
serve as adsorption sites or as sites for complexation with other functional groups,
such as carboxylic acids or amines (Mamaeva et al. 2013; Wang et al. 2015).

OMS materials are prepared by a sol—gel or ion reaction method in acid or alka-
line conditions to produce homogeneous size particles with the addition of a surfac-
tant as a structure or pore-forming agent. A washing or calcination step is used to
remove the surfactant leaving behind empty pores (Kresge et al. 1992; Inagaki et al.
1993). The particle size, pore size and volume, and mesostructures can be readily
tailored by processing parameters, such as surfactant type and temperature (Hu et al.
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2011). Drug loading and addition of functional groups typically occur post-synthesis.
Methods for drug loading include adsorption from solution, electrostatic adsorption,
incipient wetness impregnation, the melt method, or co-spray-drying (Mellaerts
et al. 2008a; Shen et al. 2010). Adsorption from solution is the most common method
for poorly soluble compounds, whereby the OMS particles are immersed in a
concentrated organic solution of the active compound and the resulting suspension is
dried to remove residual solvent, leaving behind the adsorbed drug. Notably, the
polarity of the solvent can affect drug-loading efficiency, as polar solvents will
compete for the adsorption sites (Xu et al. 2013).

Vallet-Regi, et al. (2001) first evaluated OMS as a reservoir for controlled
drug-delivery systems (Vallet-Regi et al. 2001). In this initial study, the researchers
utilized MCM-41 with two different pore sizes for the delivery of ibuprofen, whose
molecular size was in the range of the mesopores. In order to load the OMS, sub-
strates were submerged in a solution of ibuprofen and hexane (33 mg/mL). Upon
removal, substrates contained 30 % (w/w) ibuprofen, demonstrating that ibuprofen
was absorbed into the mesopores, which was further confirmed by BET analysis.
In vitro dissolution analysis of the ibuprofen-loaded OMS exhibited rapid initial
release followed by a sustained release, with 80 % release reached after 3 days. This
type of two-phase release behavior has been seen across various OMS studies due
to the release of the surface adsorbed drug followed by the diffusion of drug from
the pores (Thomas et al. 2010); the desorption of drugs in the pores in the presence
of water is explained by the affinity OMS has for water over hydrophobic com-
pounds and is diffusion controlled (Mellaerts et al. 2008a, b; Andersson et al. 2004).
While the focus of initial studies conducted by Vallet-Regi et al. was on controlled
drug-delivery systems, a major focus of OSM research has shifted to immediate
release systems for the delivery of poorly water-soluble compounds; this section
will highlight the recent work on the use of OMS for the delivery of poorly soluble
compounds.

For immediate release applications of OMS materials, the dissolution rate of the
drug substance can be tailored by the pore size and surface area. Zhang et al. studied
the loading of poorly water-soluble telmisartan (TEL) onto OMS using pore sizes of
4,8 and 13 nm, obtaining drug loading of 50.7, 61.2 and 60.3 % drug loading (Zhang
et al. 2010b). These loading efficiency of the OMS was attributed to the OMS
silanol groups forming hydrogen bonding with the drug, albeit weak bonds as seen
by the rapid release of the drug from the carrier during in-vitro release testing. The
release behavior was consistent with the pore diameter, with 83.5, 95.4 and 100 %
release seen at 30 min with increasing pore diameter. Zhang et al. prepared OMS
carriers with 28.3 nm pore diameter, also referred to as a mesocellular foam, to
increase drug release rate of poorly soluble drug simvastatin (SIM) for 100 %
release by 60 min, compared to 62 % from SBA-15 with a 6.5 nm pore diameter
(Zhang et al. 2011). Wang et al. showed that the preparation of 3D continuous and
interconnected macroporous (pore size 200 and 500 nm) silica particles resulted in
faster dissolution of adsorbed indomethacin (IND) when compared to conventional
OMS carriers, MCM-41 and SBA-15 OMS. However, this led to reduced physical
stability showing recrystallization after 3 months at accelerated stability conditions
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Fig. 13.17 Adsorbed water from humid storage conditions causes hydroxylation of silanol sur-
face, leading to increased release rate of drug upon contact with aqueous fluids. Reproduced with
permission from Mellaerts et al. (2010)

(40 °C/75 % RH) (Wang et al. 2013), demonstrating the trade-off between rapid dis-
solution and physical stability as a function of pore size.

Mellaerts et al. stored itraconazole (ITZ) loaded SBA-15 particles (10 and 20 %
w/w drug loading) at 25 °C at 0, 52 and 97 % RH for up to 12 months to determine
the long-term stability of adsorbed amorphous ITZ (Mellaerts et al. 2010). Storage at
the high humidity (52 and 97 % RH) conditions lead to increased adsorbed water, up
to 30 % water content in the 10 % ITZ formulation. The majority of this water was
only physically adsorbed, while a small percentage (1.39-1.64 %) was determined to
be chemically bound to the SBA-15 surface via hydroxylation. This yielded a faster
and more complete release of ITZ from the SBA-15. These changes in drug release
were attributed to the hydroxylation of the SBA-15 surface from the bound water,
rendering the surface more hydrophilic and more prone to liberating the ITZ when
placed in an aqueous environment, as shown in Fig. 13.17. The physical stability of
the ITZ was maintained, most probably due to the unchanged or decreasing pore
volume that prevented molecular mobility for crystal formation, further emphasizing
the benefits of mesoporous materials for use with poorly soluble compounds.

As with amorphous solid dispersion systems, the use of a precipitation inhibitor
can be advantageous to maintain supersaturated concentrations. Van Speybroeck
et al. was able to show improved maintenance of supersaturation of ITZ in FaSSIF
media with the inclusion of HPMC AS and a small improvement with HPMC, when
physically mixed with the drug-loaded SBA-15 particles (Van Speybroeck et al.
2010). Interestingly, the improvement from HPMC AS was not seen in-vivo due to
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its low solubility at pH<5.5; however, the HPMC was able to produce a 60 %
increase in bioavailability when compared to the OMS (SBA-15)-ITZ alone
(AUCyy, 14,937+£1617 nM h versus 8987 +2726 nM h).

Vialpando et al. evaluated the downstream processing of itraconazole (ITZ)
loaded OMS in a oral tablet formulation (Vialpando et al. 2011). This study showed
that compression of neat OMS and ITZ-loaded OMS resulted in decreased pore
volume and surface area due to the collapse of the pore walls which subsequently
lead to reduced drug release, particularly at high compression forces. With the addi-
tion of microcrystalline cellulose, a plastically deforming filler, and sodium cross-
carmellose sodium, a disintegrant, there was some recovery of drug release seen
when compressed at 120 MPa. In another study, Vialpando et al. evaluated the sta-
bility of drug loaded ITZ-OMS particles during a small-scale wet granulation pro-
cess to improve bulk powder properties (Vialpando et al. 2012). Using a 20 % PVP
aqueous solution, granules were prepared without an impact to the OMS pore diam-
eter and volume, indicating physical integrity of the particles. Subsequent compres-
sion at 120 MPa compression force did produce a drop in the pore diameter and
volume; however, the addition of a disintegrant to the tablet formulation enabled
comparable drug release when compared to the granules alone.

In addition to the loading and stabilizing benefits from the nanosized pores of OMS
materials, many of these materials are often precipitated as nanosized particles or
mesoporous silica nanoparticles (MSN). This offers an obvious advantage to increase
cellular uptake, as seen by its early adoption and continuing development for paren-
teral formulations of cancer drugs and particularly, poorly soluble cancer agents such
as paclitaxel (Wang et al. 2015; Meng et al. 2010; Lu et al. 2007; Slowing et al. 2006;
Mekaru et al. 2015). Zhang et al. evaluated the use of MSNs for the oral delivery of
TEL and showed not only increased cellular uptake when compared to mesoporous
silica microparticles (MSM), but also a reduced rate of efflux and thus greater perme-
ability when compared to a control TEL solution (Zhang et al. 2012). This increased
permeability correlates well with previous findings of increased permeability of other
poorly soluble compounds, such as GRIS, from MSNs (Bimbo et al. 2011). In-vivo
studies conducted in beagles (n=6) showed tablets prepared using ITZ-MSNs and
MSMs performed better than the commercial tablet, Micardis®, with relative bioavail-
abilities of 154.4 and 129.1 %, respectively. This higher bioavailability of the MSN
formulation was attributed to the improved absorption of the amorphous TEL from
the MSN and the reduced rate of P-gp mediated efflux.

With a high concentration of silanol groups on the mesoporous silica wall sur-
faces, functionalization with many types of organic molecules to modulate drug-
release kinetics is possible, as shown in Fig. 13.18 (Ukmar and PlaninSek 2010;
Yang et al. 2012). Functionalized OMS systems are especially desirable from a drug
delivery standpoint, allowing for targeted release and/or increased protection of the
API form harsh biological environments. Researchers have reported the use of a
variety of functional moieties for sustained, controlled (Zhang et al. 2010b; Mufioz
et al. 2003; Song et al. 2005; Wang et al. 2009; Qu et al. 2006; Tang et al. 2006,
2010; Bernardos et al. 2008; Xu et al. 2008), or pH-dependent release (Peng et al.
2013; Yang et al. 2005). With the addition of an aminopropyl group, Zhang et al.
showed that TEL release form OMS could be significantly retarded (Zhang et al.
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Fig. 13.18 Loading and functionalization possibilities using OMS for drug delivery. Reproduced
with permission from Rosenholm et al. (2010)

2010b). The grafted aminopropyl groups exhibited stronger bonding with the TEL
than seen with the OMS silanol groups, slowing drug release significantly. In-vitro
drug release testing showing 100 % release by 24 h. These results correlate well
with previous studies conducted with aminopropyl group modifications to MCM-41
carriers for the delivery of IBU (Muiioz et al. 2003).

As an alternative to the synthesis of OMS materials, existing pharmaceutical
grade silicas, i.e. fumed or colloidal silica (Aerosil®) or magnesium aluminum sili-
cate (Neusilin®), have also been utilized as carriers for poorly soluble compounds
(Kinnari et al. 2011; Kim 2013). These materials tend to exhibit a more non-ordered
structure and can be driven mostly by surface adsorption as opposed to adsorption
within the pore walls of the mesostructures previously described; therefore, are
often prepared using by adsorption of the poorly soluble compound with a polymer,
precipitation inhibitor, and/or solubilizer (Kim 2013). This is the premise of the
Spray-dried NanoAdsorbate technology developed by Bend Research®, whereby
the dissolved drug and polymer and suspended silica carrier are spray dried to form
solid particles with adsorbed amorphous drug-polymer dispersion on the surface of
the silica particles. These particles are then amenable for downstream processing,
such as encapsulation or tableting.
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Fig. 13.19 Schematic of soft-templating for the preparation of OMC particles. Reproduced with
permission from Saha et al. (2014b)

13.3.1.2 Mesoporous Carbon

The physical liabilities with OMS materials may limit its pharmaceutical applica-
tion, including the hydroxylation of its silanol groups upon aging and the ease of
collapse upon compression. Additionally, safety studies conducted with OMS mate-
rials have shown an increased production of reactive oxygen species (ROS), specifi-
cally the superoxide O,~, in Caco-2 cells at a threshold concentration of 1 mg/mL
(Heikkild et al. 2010; Bimbo et al. 2011). Increased levels of ROS can lead to weak-
ened cell membranes, diminished cell metabolism and increased apoptotic signal-
ing. The production of these species was attributed to the silanol groups along the
surface of these OMS materials. Based on this, development of inert ordered meso-
porous carbon (OMC) materials was initiated for use in drug delivery (Kim et al.
2008; Oh et al. 2010; Saha et al. 2014a). Cytotoxicity studies with OMC materials
in Caco-2 cells showed no apparent toxicity at concentrations up to 800 pg/mL
(Zhao et al. 2012b). At higher concentrations, cell survival was reduced, although it
remained above 80 %, due to carrier agglomeration inside the cell. Studies in HeLa
cells also showed positive cell viability for concentrations up to 500 pg/mL, with
slight toxicity seen with the highest surface area OMC tested (~70 % survival) at the
highest concentration (Gencoglu et al. 2014).

As with OMS, OMC materials are also utilized in other systems and processes,
including catalysis and separations. Additionally, porous carbon (or activated char-
coal) has been administered to treat acute poisoning in an emergency setting due to
its highly absorptive properties (Kulig et al. 1985; Neuvonen and Olkkola 1988;
Yachamaneni et al. 2010). The preparation of OMC materials involves hard-
templating or soft-templating, also referred to as self-assembly (Liang et al. 2008;
Ma et al. 2013). Hard-templating involves preparation of an OMS structure, fol-
lowed by the incorporation of a carbon source, i.e. sucrose; the particles are then
washed to remove the silica template. Soft-templating, shown in Fig. 13.19, involves
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Fig. 13.20 Adsorption isotherms showing IBU solution concentration impact on OMC drug load-
ing with the following sample name (pore diameter, pore volume): C-70 (4.1 nm, 0.97 cm%/g),
C-70 (4.1 nm, 0.97 cm?/g), C-70* (3.9 nm, 1.42 cm’/g), C-100 (3.5 nm, 0.64 cm?/g), C-100*
(3.4 nm, 1.11 cm*g). Reproduced with permission from Wang et al. (2011a)

cross-linking a suitable organic resin in the presence of pore forming surfactants;
suitably those that do not have a char yield. The cross-linking is followed by pyroly-
sis, which removes the surfactant, and lastly, the carbonization of the matrix. OMC
materials have been shown to exhibit larger pore volumes and greater surface areas
than their silica counterparts (Zhang et al. 2013).

Wang et al. showed the effect of ibuprofen (IBU) solution concentration and pore
volume on OMC drug loading, revealing adsorption isotherms which plateaued as
shown in Fig. 13.20, due to saturation of adsorption sites (Wang et al. 2011a). The
drug release from the OMC is similar to that of OMS materials in that there is a
rapid release of surface adsorbed materials, followed by a slower release of drug
from the pores; however, with the absence of the silanol groups, the release of the
drug from the OMC carrier is much faster. Zhao et al. evaluated the use of OMC for
delivery of a poorly soluble drug, using lovastatin (LOV) as a model compound
(Zhao et al. 2012b). 2D hexagonal and 3D cubic structures, also referred to as meso-
porous carbon spheres (MCS), of OMC materials were prepared with varying pore
sizes and loaded with LOV using a 60 mg/mL organic solvent solution. The 3D
cubic material produced higher pore volumes and surface areas than the 2D hexago-
nal materials. The 3D structure also showed less residual crystallinity of the
adsorbed LOV than seen with the 2D cubic materials; however, XPS analysis
showed that approximately 53 % of the drug was present on the surface of the 3D
structure (10—15 nm depth of analysis), compared to the 38 % on the surface of the
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Fig. 13.21 Drug release from pure crystalline LOV (A), 3D OMC with pore size 6.0 nm (B),
5.1 nm (C), 3.8 nm (D), and 2D OMC with pore size 5.0 nm (E), 4.4 nm (F), 7.0 nm (G).
Reproduced with permission from Zhao et al. (2012b)

Table 13.1 Properties of MSM and ¢c-MCM particles, empty and loaded with CAR. Reproduced
with permission from Zhang et al. (2013)

Sample Sger (M?/g) V (cm¥/g) wg (nm) | Vi, (cm¥/g) | Drug loading (%)
MSMs 893.1+8.5 1.03+0.04 9.1+1.8 0.1+0.02

c-MCMs 1736.2+13.3 | 1.82+0.1 7.8+1.9 0.37+0.09

CAR-MSMs 271.8+9.5 0.36+0.04 34x1.5 0 30.1+£0.4
CAR-c-MCMs | 141.0+23.7 0.15+0.11 2.6+0.3 0 41.6+1.2

2D hexagonal material. The in-vitro drug release, shown in Fig. 13.21, showed
rapid release of LOV from the 3D OMC with complete release around 90 min for
all pore sizes. The release from the 2D structure showed in initial rapid release,
attributed to the surface adsorbed LOV, followed by a slow release of LOV, attributed
to release of LOV adsorbed on the pore walls, with only 60—70 % release by 90 min.
Although, the rate of release trended with pore size, the small range used (3.8—7.0 nm)
provided only small differentiations between the drug release curves.

Zhang et al. utilized carboxylated mesoporous carbon microparticles (c-MCM)
to enhance the oral bioavailability of carvedilol (CAR) (Zhang et al. 2013). The
carboxylation was incorporated to increase wetting of the MCM upon ingestion.
The c-MCMs showed significantly higher pore volume and surface area to MSMs
prepared, as shown in Table 13.1, even with only a small difference in pore diame-
ter. These properties enabled a higher drug loading with the c-MCM particles
(41.6 %) than with the MSM particles (30.1 %). The c-MSM formulation showed a
significant increase in bioavailability in-vivo in beagle dogs against the commercial
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Dilatrend® tablet at a 200 mg dose with AUC, 4, of 784.79+56.29 ng h/mL vs.
420.27.2+41.22 ng h/mL of the control. This relative bioavailability of nearly
180 % was attributed to the amorphous state of the CAR, the highly dispersed nature
of the drug along the high surface area of the carrier, as well as the limited crystal
size restricted by the mesopore size.

In addition to the benefits of increased dissolution, OMC systems can provide
other advantages as drug delivery systems. A study conducted using celecoxib
(CEL) loaded MCSs with a Caco-2 cell line showed similar suppression of efflux as
seen with MSNs (Wang et al. 2014), leading to higher bioavailability. Another study
showed reduced mucosa irritation, a side effect of large doses of CEL, when dosed
with CEL-OMC attributed to reduced contact of the drug with the mucosal surface
as the drug is dispersed on the surface or within the pores of the OMC carrier, as
well as the rapid absorption of the small, dispersed amorphous CEL from the carrier
(Zhao et al. 2012a).

As with OMS materials, OMC materials can also be functionalized or coated to
release drug when triggered by temperature (Zhu et al. 2011), pH (Zhu et al. 2012;
Zhang et al. 2015a), applied magnetic field (Oh et al. 2010; Wang et al. 2011b) or
other stimuli (Amritha Rammohan et al. 2013), as well as for targeted drug delivery
(Zhang et al. 2015b). As the OMC surface does not contain the silanol groups pres-
ent on OMS surfaces, chemical treatment or activation may be required to introduce
functional groups onto the surface for more efficient adsorption and/or functional-
ization. For example, Saha et al. chemically activated the surface of their OMC
materials using KOH to introduce oxygen onto the carbon surface to promote
mucoadhesion properties (Saha et al. 2015).

To obtain a sustained release profile and reduce burst release from surface
adsorbed drug, Zhang et al. prepared nimeodipine (NIM) loaded OMC with a lipid
bilayer or shell (Zhang et al. 2015¢). This composite system was able to reduce
burst release from 50 to 35 % of drug release within 2 h and extended the release
profile to 18 h vs. 12 h for 100 % release when compared to the NIM-OMC alone.
Alternatively, for a stimulus based release, Rommohan et al. utilized the slightly
negative zeta potential (—0.3 mV) of their OMC particles to facilitate a layer by
layer (LbL) polymer coating using positively charged polyelectrolyte, polyethylene
imine (PEI), followed by negatively charged polystyrene sulfonates (PSS) and
lastly by positively charge polyallylamine hydrochloride (PAH) (Amritha
Rammohan et al. 2013). In this system, the drug is released in the presence of high
salt concentrations (i.e. 5 M) due to the disruption of electrostatically interacting
polymer layers.

For targeted drug delivery, Zhang et al. prepared glucose-based mesoporous car-
bon nanospheres (MCN) stabilized by phospholipids for increased hydrodynamic
stability needed for i.v. administration, as shown in Fig. 13.22 (Zhang et al. 2015b).
The particles were able to adsorb a drug loading of 42.7 % of poorly soluble com-
pound SNX-2112, an Hsp90 inhibitor to induce apoptosis (Liu et al. 2012). When
compared to a ANX-2112 solution, enhanced antitumor effect was seen with these
phospholipid stabilized MCN due to targeting glucose transporters, which are over-
expressed in breast cancer cells, for increased cellular uptake and due to the
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Fig. 13.22 Glucose based MCN stabilized by phospholipids for i.v. administration for targeted
drug delivery to tumor site. Reproduced with permission from Zhang et al. (2015b)

nanoparticle size of the carriers which allowed for passive accumulation due to the
enhanced permeation and retention (EPR) effect seen with the leaky vasculature in
tumor tissues, also shown in Fig. 13.22.

13.3.1.3 Other Mesoporous Materials

The evaluation of alternative mesoporous materials has also gained interest for drug
delivery. Inorganic mesoporous carriers have included hydroxycarbonate apatite
and titanium dioxide (Jiang et al. 2012). Organic mesoporous carriers have included
starch and porous polymers, such as PVA (Roberts and Zhang 2013; Wu et al. 2011).

Hydroxycarbonate apatite (HCA) is another material commonly employed for
tissue and bone engineering scaffolds. HCA is a calcium phosphate-based inorganic
material that has often been used as artificial bone materials. Its inert nature, bio-
compatibility, relatively high surface area and uniform pore formation has led to the
adoption of HCA and hydroxyapatite (HA) as drug delivery systems (Zhang et al.
2010a; Zhao et al. 2012c; Ye et al. 2010; Mizushima et al. 2006). Zhao et al.
prepared mesoporous HCA particles using a hard-template method with CaCO; as
the sacrificial template and CTAB as the pore-forming agent (Zhao et al. 2012c).
The particles with the largest pore volume and surface area (0.175 mL/g and
121.9 m?/g, respectively) were then loaded with CAR using carrier to drug ratios of
3:1, 2:1, and 1:1 to obtain drug loading of 23, 31, and 48 %, respectively; however,
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the higher drug load particles (31 and 48 %) showed a higher degree of residual
crystallinity. The 23 % drug loaded formulation showed a faster and more complete
drug release with over 90 % release seen by 20 min when compared to the other
drug loads and raw drug, attributed to higher degree of amorphous CAR on the
lower drug loaded formulation. The 23 % drug loaded particles were also shown to
be physically stable for when held in a desiccator at 25 °C for 6 months; however,
as FTIR analysis showed no physical interaction, the stability of the adsorbed drug
was attributed to the inhibition of recrystallization by the restrictive pore size.

Porous starch has been used for tissue engineering and bone cements due their
biocompatible and biodegradable nature (Gomes et al. 2001, 2002). Additionally, the
availability of hydroxyl groups on the surface of starch enables interactions for
adsorption and/or functionalization. Porous starch can be prepared by various
techniques, including injection molding, in-situ polymerization, or using a solvent-
exchange method to produce a porous gel (Nakamatsu et al. 2006). Wu et al. evalu-
ated those use of porous starch as a carrier for poorly soluble drug, LOV (Wu et al.
2011). Although the large and irregular pore diameters, 20-80 nm, resulted in
adsorbed LOV present in a partially amorphous form, the dissolution rates were still
faster than the commercially available capsules.

13.3.2 Co-amorphous Mixtures

The amorphous state of a drug is a high-energy, highly disordered state that enables
higher apparent solubility and a faster dissolution rate than its crystalline form
(Hancock and Zografi 1997). However, this is a metastable form that has a tendency
to crystallize during manufacture, storage, or during drug release. ASDs using poly-
mer carriers have become a preferred method to enhance solubility and bioavail-
ability of poorly soluble compounds utilized in several marketed products including
Sporanox®, Kaletra®, and Incivek®. In these polymer-based systems, the drug is
molecularly dispersed in a polymer carrier and can be kinetically stabilized by high
T, and/or high viscosity polymers to reduce molecular mobility. Additionally,
chemical bonding between the polymer and drug can lead to additional stabilization
(Janssens and Van den Mooter 2009; Laitinen et al. 2013). One of the limitations of
polymer-based solid dispersions is the high weight percentage of polymer that is
often needed to form a molecular dispersion or glassy solution; this can lead to a
higher pill burden for drugs that require higher doses. Additionally, many of the
polymer carriers used require a plasticizer for processing and/or are hygroscopic;
plasticizer and adsorbed water, which has a plasticizing effect, can lower the system
T,, leading to physical instability. Co-amorphous systems, defined as a combination
of two small molecules, have been found to increase apparent solubility and disso-
lution rate, as well as maintain physical stability with drug-small molecule ratios of
1:2,1:1, and 2:1 (Allesg et al. 2009; Chieng et al. 2009; Lobmann et al. 2011, 2012;
Dengale et al. 2014; Knapik et al. 2015; Teja et al. 2015), making them a promising
alternative to the conventional polymer-based amorphous dispersion. Many of these
co-amorphous systems have been prepared using sugars, urea, and citric acid (Lu
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and Zografi 1998; Ahuja et al. 2007; Masuda et al. 2012; Ewing et al. 2015); how-
ever, much of the research has focused on the use of drug-drug and drug-amino
acid mixtures (Lobmann et al. 2014). Preparation of these co-amorphous mixtures
involves conventional manufacturing methods, such as co-milling, shown in
Fig. 13.23, or solvent evaporation methods, including spray drying.

13.3.2.1 Co-amorphous Drug-Drug Mixtures

First published investigations of co-amorphous mixtures were as early as 1989,
with the preparation of phenobarbital-salicin and phenobarbital-antipyrine binary
systems (Fukuoka et al. 1989). Both systems showed resulting T,s that correlated
well with theoretical values calculated by the Gordon-Taylor equation, which pre-
sumes no interaction between the two components. However, solid state character-
ization of other systems, including cimetidine (CIM)-naproxen (NAP) co-amorphous
mixtures exhibited T,s higher than the Gordon-Taylor prediction, suggesting an
interaction between the imidazole ring of the CIM with the carboxyl group of the
NAP, which may contribute to the formation and stability of the mixture (Yamamura
et al. 1996; Allesg et al. 2009). This interaction was also seen with a CIM- indo-
methacin (IND) mixture (Yamamura et al. 2000), while a CIM-diflunisil mixture
showed a stronger interaction, forming an amorphous salt (Yamamura et al. 2002).
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Fig. 13.24 PXRD diffractograms of CIM-NAP co-amorphous mixtures prepared at varying ratios
after 33 days of storage in desiccators at 4, 25, and 40 °C. Reproduced with permission from Allesg
et al. (2009)

Alesso et al. further evaluated the CIM-NAP co-amorphous mixture prepared by
co-milling, in place of the solvent evaporation methods from the previous studies.
These studies showed that milling of NAP alone was not sufficient to produce amor-
phous NAP; however, co-milling with CIM produced co-amorphous mixtures at
1:2, 1:1, and 2:1 NAP-CIM. Of these, only the 1:1 ratio was found to be physically
stable, as shown in Fig. 13.24, attributed to the 1:1 molecular interaction between
the two drug molecules.

In another system, also prepared by co-milling, IND with ranitidine hydrochloride
(RAN) formed a co-amorphous mixtures, with the 1:1 ratio showing a higher degree
of physical stability after 30 days than the 1:2 and 2:1 IND-RAN mixtures on stabil-
ity, although all showed some degree of recrystallization when held at 40 °C (Chieng
et al. 2009). As with the phenobarbital-salicin and phenobarbital-antipyrine co-
amorphous mixtures, the IND-RAN mixture T,s correlated well with predicted val-
ues, indicating no chemical interaction. FTIR analysis showed some interaction
between the carboxylic acid of the IND with the imine group (C=N) of the RAN;
however, these interactions were not strong enough to form a salt or co-crystal.

IND was also evaluated with NAP and again showed that the presence of IND
enabled the formation of co-amorphous IND-NAP, even when amorphous NAP
could not be prepared alone (Lobmann et al. 2011). It was theorized that the IND-
NAP formed a heterodimer though hydrogen bonding between the each drug’s car-
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Fig. 13.26 Intrinsic drug release of co-amorphous IND-NAP (1:1) showing synchronized release
of both drugs. Reproduced with permission from Lobmann et al. (2011)

boxylic group, as shown in Fig. 13.25; this was later confirmed using IR and quantum
mechanical calculations (Lobmann et al. 2013b). Predicted T, values, assuming no
interaction, deviated for the experimentally determined values; however, when the
1:1 drug ratio was inserted as an individual component (assuming interaction) with
excess drug representing the second compound, the 1:2 and 2:1 predicted T, values
matched the experimentally determined values. The intrinsic dissolution rate (IDR)
testing of the 1:1 IND-NAP mixture showed synchronous release, shown in
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Fig. 13.26, with both drugs showing increased drug release rates than their crystal-
line counterparts (NAP: 0.30-0.41 mg/cm? min; IND: 0.055-0.42 mg/cm? min). IND
also showed an improvement over amorphous IND alone (0.36 mg/cm? min); this
finding is counter to previous reports of decreased drug release in the presence of
another amorphous compound (Trasi and Taylor 2015). Increased saturation solubil-
ity was also seen with talinolol (TLN) in a TLN: naringin (NRG) co-amorphous
mixture when compared to the amorphous TLN alone (Teja et al. 2015).

IND-Ritonavir (RTV) co-amorphous mixtures showed good correlation with
predicted T, and no evidence of bonding via FTIR analysis, indicating no heterodi-
mer formation as seen with IND: NAP mixtures (Dengale et al. 2014). Dengale
et al. showed this system to be stable for 90 days with all ratios studied, 1:2, 1:1, and
2:1, and stability was attributed to the miscibility of the drug-drug mixture. Notably,
even with threefold increase in the solubility of both drugs, only the RTV dissolu-
tion rate was significantly enhanced from the co-amorphous dispersion.

In another study, ezetimib (EZB)-indapamid (IDP) co-amorphous mixtures were
made at ratios varying from 10:1 to 1:2 to evaluate physical stability in the absence
of any significant molecular interaction (Knapik et al. 2015). In this particular
mixture, the EZB:IDP (10:1) was found to be stable for 72 days at room temperature
when prepared with a low level of IDP; this was attributed to an anti-plasticizing
effect by the IDP on the EZB. It should be noted that the stability studies conducted
with these co-amorphous mixtures were done in dry conditions, so the effect of
humidity on physical stability is yet to be reported. Although the exact mechanism
of formation and stabilization of these co-amorphous mixtures are not fully under-
stood, the intimate molecular mixing and interactions between the two molecules,
even if they are weak interactions, are considered barriers to prevent recrystalliza-
tion (Grohganz et al. 2013).

13.3.2.2 Co-amorphous Drug-Amino Acid Mixtures

Although, drug-drug co-amorphous mixtures for FDC products may be advantageous
in some cases, co-amorphous mixtures using an inactive small molecule offer an
alternative for monotherapy applications. Mura et al. showed the ability of arginine
(ARG) to form strong interactions with NAP, produce a mostly amorphous system
upon grinding, and exhibit enhanced dissolution properties (Mura et al. 2003, 2005);
thus, opening the door to the use of amino acids as an inactive small molecule for
co-amorphous formulations. Amino acids, consisting of both an amine and carbox-
ylic group, have previously been utilized as salt-formers to improve drug solubility
(Bastin et al. 2000; Hirano et al. 2010). As they are organic molecules, crucial to
protein synthesis and other biological processes, they are inherently biocompatible
(Dutta and Dey 2011). Furthermore, amino acids can facilitate enhanced and/or
targeted drug delivery from increased permeability and cellular uptake due to amino
acid transporters along the cellular membrane, particularly when those transporters
are upregulated as seen with cancer cells (Tsume et al. 2011; Bhutia et al. 2015;
Gynther et al. 2008; Maeng et al. 2014).
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Lobmann et al. screened formulations utilizing carbamazepine (CBZ) and IND
and amino acids ARG, phenylalanine (PHE), tryptophan (TRP), and tyrosine (TYR)
at 1:1 and 1:1:1 ratios of drug: amino acid or drug: amino acid: amino acid (L6bmann
et al. 2013a). The amino acids were chosen based on the binding site of the biologi-
cal receptors of the respective drugs, ARG and TYR for IND binding to COX-2 and
PHE and TRP for CBZ binding to neuronal Na+ channels; however, formulations
were made for each drug using all four amino acids by co-milling. Calculated solu-
bility parameters for CBZ, IND and the four amino acids were not significantly
different with a range of 24.9 MPa (CBZ) to 30.6 MPa (TRP), indicating good
miscibility. Co-amorphous mixtures were formed with IND with ARG, PHE and
TRP, as well as 1:1:1 ratios with PHE:TRP and ARG-PHE. CBZ was only able to
form co-amorphous mixtures with TRP and PHE:TRP and ARG:TRP; additionally,
amorphous CBZ was unable to be prepared by milling. All of the co-amorphous
mixtures exhibited higher T, values than the amorphous drug alone (CBZ was pre-
pared by quench cooling for this analysis), showing the ability to improve physical
stability of the amorphous API by increasing the mixture T,. The mixtures were
shown to be physically stable for 6 months at room temperature, while the amor-
phous IND and CBZ recrystallized within 1 week, further supporting the stabilizing
effect of the amino acid. The mechanism of stabilization was also attributed to the
molecular mixing and interactions seen using FTIR analysis (Lobmann et al. 2013c).
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FUR-TRP mixtures (bottom) as a function of milling time. Reproduced with permission from
Jensen et al. (2015b)
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However, this screening showed that it was is not necessarily predictable as to
which amino acids could form co-amorphous mixtures with which drug substance
solely based on receptor binding properties. These results are in line with results
found from another study, showing SIM and glibenclamide (GBC) co-amorphous
mixture with and without a receptor amino acid (Laitinen et al. 2014).

Jensen et al. showed the formation of the co-amorphous mixtures as a function
of milling time, further demonstrating the ability of the two small molecules to
facilitate conversion to amorphous of molecules that cannot otherwise be readily
converted to the amorphous state upon milling (Jensen et al. 2015b). Figure 13.27
shows that milling of individual components, IND, furosemide (FUR) and amino
acid, TRP, was unable to produce completely amorphous material within 90 min of
milling; however, with the mixtures, significant reduction in crystallinity was seen
after 5 min, with complete co-amorphous formation by 30 min.

Spray-drying has been demonstrated as a more scalable process to prepare co-
amorphous drug-amino acid mixtures (Jensen et al. 2015a; Lenz et al. 2015). Lenz
et al. also evaluated the impact of tableting spray-dried co-amorphous mixtures on
release properties and release, using an IND-ARG co-amorphous formulation.
When compared to a tablet containing crystalline IND and physical mixture (PM)
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of crystalline IND and ARG, the IND-ARG co-amorphous tablet showed a longer
maintenance of supersaturation, as shown in Fig. 13.28. Although, the release rate
from the tablet was slower than the neat spray-dried powder, also shown in
Fig. 13.28, this seems to be advantageous for the maintenance of supersaturation.
Surprisingly, the PM formulation showed in-situ formation of IND-ARG salt that
lead to a high degree of supersaturation; however, it was also quicker to recrystal-
lize in solution, with final concentrations near that of the crystalline IND.

Overall, these co-amorphous mixtures provide a promising alternative formulation
techniques for creating and stabilizing amorphous drug for enhanced bioavailability.
Although the mechanism of formation and stabilization is not completely understood,
it is presumed that the increase in T,, molecular mixing, and/or molecular interac-
tions, from hydrogen and n-m interactions to the formation of co-crystals or salts,
contribute to the inhibition of recrystallization.

13.4 Summary

A number of techniques have emerged in recent years that have applications in the
formulation of poorly water-soluble compounds. However, selection of a suitable pro-
cessing or formulation technique is highly dependent on the specific physicochemical
properties of the drug substance being studied, as well as the target release properties.
Many drug substances exhibit instabilities or other properties that severely limit the
number of feasible formulation and processing techniques. The emerging technolo-
gies described in this chapter offer specific advantages over traditional processing and
formulation techniques, which may allow certain drugs to be formulated that would
otherwise not be possible.
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Method Capsule 1

Preparation of Solid Dispersions: KinetiSol® Dispersing
Based on the method reported by DiNunzio et al. (2010b)

Objective

* To rapidly prepare plasticizer-free solid dispersions containing Eudragit®
L100-55

Equipment and Reagents

e Eudragit® L100-55

e Itraconazole

e Liquid nitrogen

* KinetiSol® Dispersing Compounder
e Impact mill

e 60-mesh screen

Method

e Input an ejection temperature of 158 °C and a rotational speed of 3000 rpm into
the control module.

e Mix a 1:2 blend of itraconazole:Eudragit® L.100-55 in a polyethylene bag for 1-min.

* Charge the blended material into the processing chamber.

* Pre-cool steel plates with liquid nitrogen.

e Start the compounding process.

» Using the data-acquisition system, monitor temperature and rotational speeds.

e After material is discharged, quench between chilled plates.

* Grind the brittle material in an impact mill and pass through a 60-mesh screen.

Results

e The temperature of the blend reached 158 °C in 14.1 s with exposure to tempera-
tures greater than 100 °C for only 2 s, resulting in no chemical degradation of
Eudragit® L100-55.

e X-ray powder diffraction patterns indicated that the composition was
amorphous.

 Differential scanning calorimetry thermograms showed the presence of a single-
phase system with no endothermic events.

* The plasticizer-free composition exhibited a high degree of physical stability due
to its high glass transition temperature.
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Method Capsule 2

Preparation of Solid Dispersions: Electrostatic Spinning

Based on the method reported by Verreck et al. (2003a)

Objective

To prepare solid dispersions of itraconazole by electrostatic spinning

Equipment and Reagents

Hypromellose
Itraconazole
Ethanol

Methylene chloride
Electrostatic spinner
Turbula mixer
Cryogenic mill
Liquid nitrogen

Method

Prepare physical blends containing 20 % w/w or 40 % w/w itraconazole by mix-
ing in a Turbula mixer for 10 min

Prepare a 12 % w/w solution of the itraconazole: hypromellose blend in a mix-
ture of ethanol and methylene chloride (40:60 ethanol: methylene chloride w/w)
Place the solution into the spinneret and apply a high voltage (1624 kV)
Optional: Mill the resulting fibers by cryogenic grinding

Results

SEM analysis demonstrated that drug concentration and processing voltage can
significantly impact fiber size and shape.

Differential scanning calorimetry thermograms showed that compositions
containing 20 % (w/w) and 40 % (w/w) itraconazole were amorphous.
Differential scanning calorimetry thermograms indicated that the milling process
facilitated recrystallization of amorphous itraconazole.

Dissolution rates of itraconazole were found to be highly dependent on the
drug: polymer ratio, fiber diameter, and presentation used (nonwoven fabrics,
milling, etc.).
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Method Capsule 3

Preparation of Solid Dispersions: Mesoporous Silica

Based on the method reported by Mellaerts et al. (2008b)

Objective

To prepare mesoporous silica loaded with itraconazole

Equipment and Reagents

Itraconazole

Ordered mesoporous silica (OMS)
Methylene chloride

Rotary mixer

Method

Prepare a 5 mg/mL solution of itraconazole in methylene chloride.

Add OMS at a OMS:Itraconazole ratio of 75:25 and agitate for 24 h with a rotary
mixer.

Remove methylene chloride by evaporation and dry powder overnight at 35 °C.
Heat mixture to 100 °C for 5 min under vacuum and at 40 °C for 48 h to ensure
complete removal of methylene chloride.

Results

Differential scanning calorimetry thermograms did not exhibit glass transition or
endothermic events, indicating that itraconazole was molecularly dispersed
within the OMS.

BET analysis showed that the surface area of OMS decreased from 844 to
355 m?/g after loading with itraconazole.

Dissolution studies demonstrated that release rates of itraconazole from OMS
were significantly faster than crystalline itraconazole.

Bioavailability of itraconazole-loaded OMS was found to be similar to that of the
marketed product, Sporanox®.
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