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10.1 Introduction

Over the past several decades, amorphous solid dispersion (ASD) technology has
been increasingly utilized to address the challenges of poorly soluble compounds,
which are becoming more prevalent in the current drug discovery environment. From
the first practical application of solid dispersions in improving the solubility and
bioavailability in the pharmaceuticals, the science and practice of amorphous tech-
nology have advanced considerably (Sekiguchi and Obi 1961; Chiou and Riegelman
1970; Leuner and Dressman 2000; Williams et al. 2010). Since then, various tech-
niques have evolved and handful of compounds have made their way to the market
using amorphous technology.

Despite extensive research and advancement in this area, application of ASD
technology has not gained widespread use in the pharmaceutical industry, and still
remains a niche technology applicable only to small number of compounds. The
primary reasons for this reluctant adoption can be attributed to fear over the inher-
ent physical instability of the amorphous material during manufacturing, storage,
and dissolution, as well as lack of accessibility of robust and commercially viable
manufacturing facilities.
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With regard to manufacturing technologies, considerable progress was made with
the introduction of spray drying and melt extrusion processes, enabling successful
commercialization of several challenging molecules (Williams et al. 2010; Repka
et al. 2013). Recently, advancement in supercritical fluid and cryogenic freezing
technologieshas shown promise in demonstrating the production of fine powders
of ASDs (Yang et al. 2010). However, despite extensive research, the use of these
technologies is limited to thermally stable low melting drug molecules or com-
pounds soluble in volatile organic solvents. Effective technologies for the so-called
brickdust-like molecule remain elusive. Moreover, as drug discovery becomes more
sophisticated with respect to maximizing receptor binding, the percentage of such
difficult compounds will be ever growing in modern pharmaceutical drug discovery.

To address the needs of such challenging compounds, a solvent-controlled co-
precipitation technology, also known as microprecipitated bulk powder (MBP)
technology, was developed in the late 1990s and is covered in detail in this chap-
ter (Albano et al. 2002; Shah et al. 2012). The MBP technology has been applied
to numerous development compounds in preclinical and clinical stage including a
recently marketed product Zelboraf®.

10.2 Precipitation and Coprecipitation

The MBP technology is based on solvent—antisolvent precipitation. Precipitation
occurs when the concentration of a compound in solution exceeds its saturation solu-
bility. Solvent-controlled crystallization is a well-established process in the chemical
industry and is briefly reviewed here before starting the discussion about solvent-
controlled amorphous precipitation (McKeown et al. 2011). It should be noticed that
the driving force for both processes, crystallization and amorphous coprecipitation,
is supersaturation but the key difference lies in the rate at which the supersaturation
conditions are created for the binary system comprised of drug and polymer. For
crystallization, it is generally understood that formation of precipitate in supersatu-
rated solution starts with the onset of nuclei formation. The onset of nuclei formation
starts, hypothetically, from the formation of an interface between the solid and the
solution (De Yoreo and Vekilov 2003). When molecules adhere to the nuclei in an
orderly fashion with a specific motif, crystalline solid emerges. This self-assembly of
molecules into crystal is governed by such factors as the degree of supersaturation,
purity of solute, and diffusion rate, and it occurs usually after a certain induction
period. If molecules adhere to the nuclei in a disorderly manner due to the lack of
induction period, an amorphous solid emerges.

During crystallization, the degree of supersaturation is carefully controlled to
obtain a desired polymorphic form and crystal habit. In general, crystallization occurs
in the crystallization zone, which lies in between solubility line and precipitation line
of a solubility phase diagram (Fig. 10.1).

If the system is shocked and forwarded to the precipitation zone with minimum
time in crystallization zone, owing to huge solubility differentials, molecules seek
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Fig. 10.1 Schematics of solubility phase diagram. Crystallization can occur in crystallization zone
which lies in between solubility line and precipitation line, whereas amorphous precipitation occurs
by jumping into precipitation zone by passing crystallization zone

immediate release of the excess energy (supersaturation) by disorderly stochastic
precipitation in the form of amorphous solid. This extreme supersaturation condition
can be created by adding drug solution to the larger volume of antisolvent together
with reduced temperature. Upon contact with the chilled antisolvent, the solubility of
compound rapidly falls below the saturation solubility, resulting in the precipitation
as amorphous solid.

Coprecipitation occurs when the two compounds exceed their saturation solubility
simultaneously. Coprecipitate usually forms in such a way that a minor component
is incorporated in the matrix of a major component where polymer further inhibits
nucleation. Although precipitation and coprecipitation are commonly used in the
chemical industry, its application in pharmaceutical industry has been quite limited.
The term “coprecipitation” in pharmaceutical literature was first used to produce
ASDs by precipitating drug and polymer together by changing the solubility con-
ditions (Simonelli et al. 1969). Coprecipitation was induced by either addition of
organic antisolvent to drug solution or by evaporation of the solvent but not the
aqueous solvent. In rare attempts when aqueous phase was used as antisolvent to in-
duce precipitation, the resulting material was partially crystalline, suggesting the use
of aqueous antisolvent was not suitable for producing amorphous form (Kislalioglu
etal. 1991).



326 N. Shah et al.

10.3 MBP Development

In principle, both orderly process of crystallization and disorderly process of amor-
phous solid formation can occur from supersaturated solution. It will be a competition
between the orderly assembly of molecules with greater reduction of free energy
(thermodynamically favored) and the stochastic assembly of molecule to noncrys-
talline amorphous solid for immediate release of energy (kinetically favored). MBP
process is designed to maximize amorphous solid formation and to minimize the
crystal formation by kinetically prompting rapid energy release. This was achieved
by introducing drug solution to cold antisolvent with appropriate agitation in the
presence of an amorphous polymer to further reduce molecular mobility.

Amorphous ionic polymer plays a key role in MBP manufacture. Polymer almost
always precipitates stochastically, providing multiple heterogeneous sites for drug
precipitation. Precipitate formation is governed by the polymer and growth can oc-
cur in all directions without restriction. Polymer further hinders diffusion of drug
molecules by acting as physical barrier, as well as by nonspecific interaction with
drug molecules. Result is the coprecipitation of drug and polymer in the form of
ASD, in which drug molecules are imbedded in the polymer matrix. Among the
various pharmaceutical polymers that provide favorable conditions for precipitation
in aqueous antisolvent are ionic polymers, such as hypromellose acetate succinate
(HPMCAS) and polymethacrylates (Eudragit L.100, Eudragit L100-55, and Eudragit
S100).

Thus, the MBP technology takes advantage of the solvent-controlled coprecipita-
tion of a drug and ionic polymer under controlled conditions to produce stable ASD.
By virtue of coprecipitation, the amorphous drug is molecularly dispersed in the
polymer to provide a stable ASD, referred to as MBP. The fast quenching that occurs
during precipitation also helps in retaining the intermolecular interactions between
drug and polymer. The rapid coprecipitation is achieved by maintaining the solvent—
antisolvent ratio, temperature, and shear rate. Additionally, the rate of addition of the
drug and polymer solution into antisolvent and subsequent dispersion are also critical
for the rapid extraction of solvent. Insufficient agitation and inappropriate solvent
to antisolvent ratio may affect the simultaneous precipitation of drug and polymer
resulting in drug- or polymer-rich domains that may result in phase separation and/or
crystallization.

The MBP process is particularly useful for compounds that have low solubility in
volatile solvents such as acetone, ethanol, or compounds that have high melting point
or are thermally labile. By design, MBP process can be carried out either in acidic or
in basic conditions, depending on the ionic nature of the molecule and polymer used.
Although the concept of MBP appears seemingly simple and straightforward, the
design and execution of MBP could be tricky because generating amorphous form in
aqueous phase is counterintuitive. The successful implementation requires a thorough
understanding of active pharmaceutical ingredient (API) properties, polymer prop-
erties, and processing parameters including the solvent, antisolvent, temperature,
shear force, and drug loading in the solvent.
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The following section provides a detailed guidance with regard to the key for-
mulation and processing parameters that need to be understood to obtain a viable
product.

10.3.1 Process Overview

The MBP manufacturing process starts from dissolution of drug and an ionic polymer
in polar nonvolatile (super) solvents such as dimethylacetamide (DMA), dimethylfor-
mamide (DMF), dimethylsulfoxide (DMSO), or n-methylpyrrolidone (NMP). These
organic solvents have higher solubilization power than polar volatile organic solvents
such as acetone, methanol, or tetrahydrofuran (THF). The drug polymer solution is
then delivered to the “pH-controlled” and “temperature-controlled” aqueous media
(antisolvent) to cause instant coprecipitation of drug and polymer upon contact with
aqueous media. Organic solvent diffuses out from the initial precipitate and water
diffuses in until chemical potential of inside and outside of the precipitate becomes
equal. Constant agitation during coprecipitation expedites the solvent exchange and
the time to reach the chemical potential equilibrium. The formation of coprecipitates,
solvent exchange within the coprecipitates, and maturation of solid mass (coprecip-
itates) continue until all drug solution has been added and the chemical potential
equilibrium is reached. After completion of coprecipitation, the solid precipitates
are isolated via filtration or centrifugation. These solid precipitates contain relatively
high amount of organic solvent, which is equal to that of the solvent composition
in the reaction vessel viz around 10 %. This residual solvent must be removed from
the precipitate to below the acceptable level ICHQ3 Guidance 2009). The organic
solvent removal is achieved by washing the coprecipitates with aqueous medium
until residual organic solvent falls below the set value, viz 0.1 %. Once organic sol-
vent level falls below the set value, the precipitate is further processed for drying.
Typically, the precipitate contains high amount of water in the range of 60-90 %, and
the efficient removal of water is a key process in MBP manufacture. After drying,
based on the particulate properties, the final dried powder can be further processed
(milling and densification) to be ready for the final formulation.
The key process aspects in MBP include:

» Total solid content (API and polymer) in organic solvent is in the range of 10—40 %
by weight

* Ratio of solvent to antisolvent can be from 1:5 to 1:20 depending on the solubility
profile of the drug

¢ Temperature of aqueous phase (antisolvent) is typically 5+ 3 °C

» The precipitate is collected as wet cake by vacuum filtration or by a centrifugal
filtration device

* Final MBP can be dried in a forced air oven or fluid bed dryer typically at45+5°C

The schematic of the MBP process is shown in Fig. 10.2.



328 N. Shah et al.

Controlled
Coprecipitation

Washing Cycle

Chilled Cold Wash
Acidic Filter Precipitates
Water

Filtration
Isolation of MBP

Downstream
processing

<

Drying MBP

«

Fig. 10.2 Schematic of MBP process. MBP process is comprised of several unit operations includ-
ing stock solution preparation, controlled coprecipitation, filtration, washing cycles, isolation of
MBP, drying, and downstream processing

10.3.2 API Properties

During the early drug discovery phase, basic physicochemical properties of molecule
are determined. Ordinarily, these sets of data are useful to support clinical candidate
selection, early chemical process development, and formulation development. Even
promising clinical candidates face dire consequences of termination (No Go decision)
when conventional formulations fail to provide adequate bioavailability to enable
efficacy and toxicology evaluation. Various formulation strategies can be employed to
rescue molecules with poor “drug-like” biopharmaceutical properties. Among these
strategies, amorphous formulation strategy is one of the most remarkable formulation
approaches. Furthermore, within the various ASD technologies, MBP provides the
best alternative because of its versatility, excellent API recovery rate (> 90 %), ability
to handle small quantity of material (less than gram), and an excellent track record.
The process can be readily scaled up from few milligrams to kilograms with minimal
investment in equipment and facilities. Ability to handle a small quantity of API with
good recovery is a particularly attractive feature in early drug development where
the availability of drug substance is oftentimes limited.

However, not all drug substances can be candidates for MBP technology. There-
fore, it is logical to critically examine API properties to (a) assess if the molecule
is feasible for MBP, (b) guide selection of suitable polymer and drug loading for
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Table 10.1 Physicochemical properties of API relevant for MBP process

Criticalproperties

Criteria

Comments

Tonization constant

pKa of molecule should not be
higher than the pH of aqueous
buffer (antisolvent)

Acidity or alkalinity dictates the pH
solubility profile of the drug and de-
gree of ionization

Functional group

Potential of interaction and reac-
tivity with polymer estimated

Polymer selection for best interaction

Solubility profile

Solubility >3 % in polar solvent
such as DMA, DMSO, DMF
or NMP Solubility <10 ppm in
10 % organic solvent in aqueous
buffer

Drug must have good solubility in
organic solvent and insolubility in
aqueous media to be viable for the
MBP process

Chemical stability

Chemically stable in extreme pH
ranges where coprecipitation oc-
curs

Chemically stable in organic sol-
vent for at least 24 h

Drug must be stable in acidic or basic
aqueous media, or organic solvent

Crystallinity

API should not form solvate(s)
with the solvent(s)
Low crystallization tendency

Solvates may form during manufac-
turing process. Process at below sat-
uration solubility to avoid solvate
formation

Molecular Weight

MW > 500

Larger molecule tends to crystallize
slowly

H bonding acceptors

H acceptor > 7

H bonding donors and acceptors in-

and donors crease interaction with polymer in
MBP
Lipophilicity logP >3 Primary bonding between drug and

polymer is likely to be hydrophobic
interaction. High log P compounds
have tendency to form stable MBP

Miscibility estimate

Negative free energy of mixing
estimated by solubility parame-
ter

To guide the selection of polymer

a feasible candidate, and (c) identify the optimal process conditions. The key
physicochemical properties are listed in Table 10.1.

10.3.3 Solubility of API

Understanding solubility behavior of API is probably the most critical factor in MBP
development. API must be highly soluble in organic solvent and must be insoluble in
acidic water. Commonly used solvents for MBP are DMA, DMF, DMSO, or NMP.
Practicality dictates that the API must have greater solubility than 3 % in the solvent.
Acidified water is the most commonly used antisolvent. The amorphous drug must
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be insoluble in this aqueous media, and in practice, this translates into less than
0.01 mg/mL.

When the coprecipitation process is complete, the solvent composition in the
reaction vessel is around 10 % if the solvent to antisolvent ratio is targeted to be
1:10, for example. API must have minimal solubility at this composition to ensure
maximum recovery of the API. One should be mindful that API solubility in this
solvent mixture is that of amorphous form (not of crystalline form!) which is higher
than crystalline API. The API concentration in the supernatant after initial coprecip-
itation should always be monitored. Needless to say, if drug has good solubility in
this solvent composition, then only a partial amount of drug will be precipitated as
MBP. Not only will recovery be low but the unprecipitated drug in solution may also
precipitate out during subsequent rinsing and washing cycles without the protection
of polymer. If that happens, crystalline API seeds adhering to MBP particles can
promote crystallization of amorphous drug, jeopardizing the entire MBP batch.

If API is a basic molecule, attention should be paid to the pH of antisolvent and the
pKa of the molecule. The pH of aqueous buffer should be controlled at a level not to
exceed the pKa of API to minimize API solubility. Ideally, the pKa of the drug should
not be higher than 5 to ensure complete precipitation during initial coprecipitation
and to minimize dissolution during subsequent rinsing and washing cycles. Like
other precipitation processes, there may be sensitivity to the type of counterion used
for pH control, and in some cases, it may be critical to select optimal counterion that
provides best mode for the production of ASD.

10.3.4 Chemical Stability of API

Total solid mass, i.e., total amount of API and polymer in organic solvent, can range
from 10 to 40 % w/w. Since many polymers dissolve slowly, heat may be applied
to aid dissolution and to reduce the solution viscosity. Temperature as high as 80 °C
has been used if the API has acceptable stability under these conditions. MBP is
formed by coprecipitation of drug and polymer in acidic or basic media (mostly in
acidic media), and it may stay exposed to this aqueous media from several hours
to several days to weeks during precipitation, rinsing, washing, and storage. This is
an important consideration since acid- or base-labile compound may degrade during
MBP manufacture. Therefore, it is important to conduct risk assessment using the
stability profile of the API and use this as a guide to select the pH and buffer.

10.3.5 Assessment of MBP Feasibility

MBP is an excellent ASD technique, particularly during early phase of drug develop-
ment and for toxicology-enabling studies. Because of the excellent recovery rate and
flexibility in scale, even milligram quantity drug can be processed to enable animal
pharmacokinetic (PK) studies. This makes MBP technique particularly attractive for
early drug assessment studies.
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When due consideration is given to the physicochemical properties of the API
and aforementioned precautions, the MBP technique works well in most instances.
However, the authors did encounter some molecules that were very difficult to convert
to amorphous MBP. The following are our findings from many years of experience.

10.3.5.1 Molecular Weight

The authors have applied MBP technology to hundreds of newly discovered com-
pounds to enable toxicology and animal PK studies. In general, drugs with molecular
weight greater than 500 had a higher propensity for conversion to amorphous MBP,
whereas drugs with molecular weight less than 500 needed greater effort and closer
attention. This observation is in good agreement with other researchers in the ASD
field (Zhou et al. 2002). It is suggested that large molecules may assume more com-
plex conformations and molecular configurations which retard nucleation and crystal
growth, thereby making them more prone to conversion to amorphous state, and vice
versa.

10.3.5.2 API Hydrophobicity

Hydrophobicity is measured by evaluating the partitioning behavior of a drug be-
tween n-octanol and an aqueous buffer. High log P suggests that the molecule favors
van der Waals type nonpolar interactions, whereas low P indicates that molecule
favors polar interactions such as H bonding or dipole—dipole interaction. Experi-
mentally, it has been observed that molecules with high log P have a better chance
of forming stable MBP than molecules with low log P. A low log P suggests that
the molecule is likely to have a high affinity toward polar solvents like water. It
can be postulated that when water is used as an antisolvent, the low log P molecule
may show high affinity toward water, resulting in phase separation during the MBP
process (Qian et al. 2010).

10.3.5.3 H-bonding Donor and Acceptors

The MBP process uses mostly polar aprotic organic solvents and water as the an-
tisolvent. One can imagine various interactions taking place in the reaction vessel
including ionic, H bonding, dipole—dipole, and van der Waals interaction. At the
end of the MBP process, when all solvents including water and organic solvent are
removed, leaving the drug molecule imbedded in a polymer matrix, depending on
functional group of drug and polymer, only a few interactions are possible between
drug—drug, drug—polymer, and polymer—polymer molecules. A system that maxi-
mizes drug—polymer interaction while minimizing drug—drug and polymer—polymer
interaction would be the best in stabilization of ASD. Over the many years of expe-
rience, molecules with high H-bonding acceptors were found to form more stable
MBP, and one can speculate this may help in drug—polymer interaction.
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It is almost ironic to examine physicochemical properties of an API against Lip-
insky’s rule of 5 (Lipinski 2000). The molecules that would be rejected based on
Lipinsky’s rule are good candidates for MBP suggestive of the saying that the stone
the builders rejected has become the cornerstone.

10.3.6 Polymer Properties

Earlier chapters in this book have provided a detailed treatise on the selection of
polymers in the development of stable ASDs of poorly soluble compounds. The
importance of the polymer cannot be over emphasized as it is the polymer that helps
maintain the amorphous state during processing, storage, and dissolution, leading to
a viable ASD product. This is true for any ASD that is manufactured and stabilized
by the help of a polymer. An important consideration for MBP is the exclusive use of
an ionic polymer. Due to the nature of the MBP process, the use of an ionic polymers
is a requirement. In addition to enabling the processing, ionic polymer can add
an additional stabilization effect through ionic interaction with the drug molecule
(Rumondor et al. 2009). Cellulosic polymers, specifically HPMCAS, have been
shown to be superior in maintaining supersaturation during dissolution, presumably
due to the formation of colloidal aggregates in solution (Curatolo et al. 2009).

The most commonly used polymers for the MBP process are HPMCAS (L, M, and
H grades) and polymethacrylate-based polymers, e.g., Eudragit L100, L100-55, and
S100. Other ionic polymers such as cellulose acetate phthalate (CAP), hypromellose
phthalate (HP), polyvinyl acetate phthalate (PVAP), and cationic polymer Eudragit
E100 can also be used. The polymer use levels are determined based on the drug
loading and amorphous form stability.

The selection and use of the polymer should be adequately supported by safety
data and appropriate toxicological assessment. For example, some polymers have
residual synthetic materials that may include monomers, low molecular weight impu-
rities, and processing aids such as surfactants and stabilizers. All of these may have
a negative impact on safety. It may be necessary to establish appropriate controls
around the additives to ensure safety and stability. For example, presence of surfac-
tants such as polysorbate 80 and sodium dodecyl sulfate in the Eudragit L.100-55 may
limit the levels that can be safely used based on toxicological assessments(Evonik
2014). Furthermore, these additives can affect the performance of the MBP either
negatively by lowering the T or positively by micellization. Finally, for compounds
with narrow window of absorption, polymer selection could be critical in translat-
ing the in vitro results to in vivo performance, and polymer selection can play an
important role. Commonly used polymers for MBP are listed in Table 10.2.
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Table 10.2 Commonly used ionic polymers for MBP

Polymer Common name Soluble pH

Polymethacrylic Eudragit L100 pH> 6.0
Eudragit L100-55 pH>5.5
Eudragit S100 pH>7.0
Eudragit E100 pH<5.0

Cellulosic HPMC-AS LF pH>5.5
HPMC-AS MF pH> 6.0
HPMC-AS HF pH>6.5
Cellulose acetate phthalate pH> 6.0
Hypromellose phthalate 5 pH>5.0
Hypromellose phthalate 55 pH>5.5
Polyvinylphthalate (PVAP) pH>5.0

10.3.7 Drug Loading

For the sake of visualization, ASD can be viewed analogous to a solid solution
where drug (solute) is dissolved in a polymer (solvent). Solubility is a thermodynamic
parameter which is a function of temperature, pressure, and composition. If solubility
of drug is high in a polymer, more drug can be incorporated in the polymer matrix,
thus achieving a higher drug loading. However, the solubility of drug in polymer at
room temperature is typically quite low, making it impractical to achieve the solubility
and miscibility limit. Generally, ASDs are supersaturated systems, i.e., higher drug
levels are incorporated in the polymer than allowed by its solubility limit. The most
important aspect in developing supersaturated amorphous systems is the assurance
of physical stability over the period of product shelf life. It is generally understood
that the degree of supersaturation may influence the kinetics of physical instability,
that is, the higher the supersaturation, the faster the phase separation. Since polymer
provides the framework for stabilizing the amorphous drug, selecting the polymer
and defining maximum drug loading while maintaining long-term physical stability
are two critical goals in ASD development.

Based on the aforementioned primary factors, the drug loading can be initially
selected at the small production scale and then further refined as the process is
scaledup. Due to the uncertainty around amorphous form stability during long-term
storage, a conservative approach is to operate at 5-10 % below the maximum drug
loading determined during the small scale study. As more experience is gained, it may
be possible to further increase the drug loading without compromising the stability
and quality of the ASD.
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10.3.8 MBP Process Design

MBP is a complex engineering process with multiple unit operations. Every step is
important because any mismatched operational parameters can negatively impact the
formation of amorphous MBP and the maintenance of amorphous state during sub-
sequent processing and storage. In this section, process requirements are discussed
in detail.

10.3.8.1 Solvent

The selection of organic solvent is primarily based on solubility and stability of the
API and the polymer. Other factors that affect the selection of organic solvent include:

* Miscibility of solvent with the antisolvent: Solvent must be miscible with the
antisolvent. This is an important factor as the rapid precipitation is primarily
afforded by rapid mixing of solvent and antisolvent. If organic solvent is partially
miscible, precipitation inefficiency may result owing to liquid-phase separation.
In addition, the extraction of solvent out of the precipitates will not be efficient in
subsequent washing and rinsing cycles.

* Permissible residual solvents: Level of residual solvents must be controlled based
on the International Conference on Harmonization (ICH) solvent classification
guidance permissible daily limit ICHQ3 Guidance 2009). In addition, the impact
on the T; of the amorphous product and stability of the amorphous form must be
considered.

 Stability of API in the solvent to support the manufacturing at the desired scale.

* Viscosity of the solution to maintain uninterrupted smooth flow rates during
precipitation.

The most commonly used solvents for MBP are DMA, DMF, DMSO, and NMP.
Other solvents such as alcohols and acetone may also be used, but they are less
favored for MBP because if there is adequate solubility in these solvent, other means
of ASD manufacture such as spray drying or fluid bed granulation/layering may be
feasible. List of solvents with their relevant properties is summarized in Table 10.3.

10.3.8.2 Antisolvent

Selection of antisolvent depends on the properties of APL, polymer, and the selected
solvent. Both polymer and API should be insoluble in antisolvent system even when
mixed with 10-20 % of the solvent. There can be many choices of antisolvents;
however, water is almost exclusively used in the MBP process. In fact, the use
of water makes MBP unique compared to other coprecipitation techniques, where
other organic antisolvents may be used. MBP, in this regard, represents a special
subset of coprecipitation techniques. Use of aqueous media along with ionic polymer
and dispersing mechanism to produce finely dispersed homogeneous ASD particles
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Table 10.3 Some relevant properties for the commonly used solvents are summarized

Solvent Mol BP MP Density | Water Dielectric| Flash| ICH/PDE*
wt “©C) | (°C) (g/mL) | solubility | constant | point| (mg/day)
(g/mol) (g/mL) (°C)

Acetic acid | 60.1 118 16.6| 1.049 Miscible 6.2 39 | Class 3
Acetone 58.1 56.2 —94.3| 0.786 Miscible | 20.7 —18 | Class 3
Acetonitrile | 41.1 81.6 —46 | 0.786 Miscible | 37.5 6 | Class 2/4.1
DMA 87.1 165 —-20 | 0.937 Miscible | 37.8 63 | Class 2/10.9
DMF 73.1 153 —61 | 0.944 Miscible | 36.7 58 | Class 2/8.8
DMSO 78.1 189 18.4| 1.092 Miscible | 47.0 95 | Class 3
Dioxane 88.1 101.1 11.8| 1.033 Miscible 22 12 | Class 2/3.8
Ethanol 46.1 78.5 | —114.1| 0.789 Miscible | 24.6 13 | Class 3
Methanol 32.0 64.6 —-98 | 0.791 Miscible | 32.6 12 | Class 2/30
NMP 99.1 202 —24 | 1.033 Miscible | 32.0 91 | Class 2/5.3
2-propanol | 88.2 82.4 —88.5| 0.785 Miscible | 18.3 12 | Class 3

#Residual solvents’ limit based on permissible daily exposure (ICH Guidance)

forms the core of MBP technology. Additionally, the aqueous precipitation provides
material with superior particulate and wetting properties. This is attributed to the
removal of solvent during precipitation process, i.e., as the solvent diffuses out of
the droplet, the material that is left is of a sponge-like porous nature filled with
aqueous fluid. The aqueous fluid in the pores is eventually removed during drying,
thus leaving material with superior wetting, compaction, and dissolution properties.

Acidic cold water is typically used in MBP when an anionic polymer is used.
The pH and temperature are controlled to maximize the precipitation of drug and
polymer. Acidic water at pH around 2 and temperature around 2-8 °C usually pro-
vides adequate conditions for most drug molecules unless the API is a strong basic
molecule. Weakly basic molecules of pKa up to 5 have been processed successfully
using aqueous buffer systems of pH up to 4.

10.3.8.3 Operation

A schematic representation of MBP process is shown in Fig. 10.3. The different steps
(left to right) are (a) crystalline drug, (b) dissolution in DMA, (c) coprecipitation in
acidic water, (d) cold acidic water rinse, and (e) final MBP.

10.3.8.4 Description and Details of Unit Operations

* Stock solution preparation: Predetermined amounts of drug and polymer are dis-
solved in the solvent. In a small laboratory-scale operation, both drug and polymer
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Fig. 10.3 Pictorial view of MBP processes (Shah et al. 2012)

can be added together to a vessel containing solvent and dissolved using standard
laboratory mixer. As the scale increases, stock solution preparation becomes non-
trivial. Usually, the polymer takes a long time to dissolve and often heating is
needed. The homogenizer mixer can be used to improve the process efficiency.
Chemical stability of drug and possible formation of solvates have to be investi-
gated during this process. Total solid content of up to 40 % has been demonstrated
(Shah etal. 2013). However, if solid content is too high, viscosity of stock solution
can cause transfer and diffusion problems, impacting droplets/particle formation
during coprecipitation and solvent exchange during washing and rinsing steps.
Therefore, total solid contents should be decided based on the solution transfer
efficiency, coprecipitation mechanism, and resulting particulate properties.

» Coprecipitation: Coprecipitation is the most critical step in the entire MBP pro-
cesses. There are two viable manufacturing modes of coprecipitation—batch
mode and continuous mode (see Fig. 10.4). In batch mode, stock solution contain-
ing drug and polymer is delivered to a vessel containing a large volume of aqueous
media. At the small laboratory scale, stock solution can be added carefully to the
reactor containing aqueous media, while contents in the reaction vessel are being
stirred by an overhead propeller or homogenizer. At larger scale, the stock solution
can be sprayed over the antisolvent while stirring, or sprayed into the antisolvent
in a manner that allows the solution to be rapidly taken up in cavitational zone
to break the precipitate into finer particles. Coprecipitation occurs instantly when
drug polymer solution contacts the cold acidic water. In continuous mode, streams
of stock solution and acidic water are continuously pumped into a homogenizer
chamber where two streams of liquid are mixed and sheared by high-speed ro-
tors to produce fine droplets of the coprecipitate. The precipitate along with the
solution is then pumped into a holding tank or to the filtration unit. Regardless
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Fig. 10.4 MBP manufacture reactors showing batch mode reactor (left) and continuous mode
reactor (right)

of the precipitation mode, reaction temperature, shear rate, and mixing time, the
solvent to antisolvent ratio has significant impact on initial MBP formation (see
Fig. 10.5).

» Coprecipitation parameters: Critical coprecipitation parameters that should be
under tight control are reaction temperature, shear rate, mixing time, and solvent
to antisolvent ratio.

Temperature control during coprecipitation plays a significant role in producing a
quality ASD. When the stock solution is added to the aqueous media, substantial
amount of heat is generated due to heat of mixing. Additional energy input from
high shear mixing can add additional heat to the system. Unless dissipated, the heat
can cause undesired impact on the quality of MBP, resulting in poor drug recovery
and inadequate conversion to amorphous state (Fig. 10.5). Incomplete conversion
may leave dreaded crystalline seeds in the MBP. As discussed, any crystalline seeds
in the system may propagate crystallization; therefore, should be avoided at any cost.

Extensive research has shown that the best temperature range is 5 £ 3 °C. The
positive temperature deviation coupled with high shear may result in the traces of
crystalline API in the MBP cake and the final MBP powder. The impact of temper-
ature, shear, and mixing time is shown in Fig. 10.5. These parameters should be
carefully controlled to achieve high quality and consistency of amorphous material.

The effects of shear rate (2500, 4000, 5000 rpm), mixing time (30, 60, 180 min),
and reaction temperature (2, 10, 15 °C) were examined during laboratory-scale pro-
duction of MBP using Eudragit L100-55 polymer and investigational drug ROX35.
It was found that the high-speed mixing during coprecipitation was detrimental in
amorphous MBP formation, presumably due to localized energy input to the pre-
cipitate at the point of contact. Temperature of the vessel also played a key role in
MBP integrity. At higher temperature, more undesirable crystalline API was found in
MBP. Duration of coprecipitation and subsequent mixing time was crucial in MBP
stability; longer duration was found to be detrimental. This observation suggests
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Fig. 10.6 Microstructure of
MBP particle reproduced
using 3D printing (courtesy of
Dr. Siegfried Krimmer)

that as soon as coprecipitation is complete, unnecessary additional mixing should be
avoided.

The overall impact of the various parameters was found to be in the following
order: shear rate > mixing time > temperature. The combination of slower shear,
shorter mixing time, and lower reaction temperature consistently produced quality
amorphous MBP. A similar observation was made in the experiment with continuous
mode procedure.

In summary, it was observed that, from process perspective, shear force is the most
sensitive parameter in the formation of amorphous coprecipitate. Shorter mixing and
churning time was considered more favorable in production of MBP.

* Solvent removal, washing, and isolation: At the end of coprecipitation, the pre-
cipitates contain substantial amount of organic solvent depending on solvent to
antisolvent ratio used. During subsequent washing and rinsing cycles, the resid-
ual organic solvent must be removed from the precipitate. Washings are typically
conducted with acidic water maintained at 2-8 °C and can be performed either
on the filter media or by resuspending the material in acidic water. Depending on
the process selected, care should be taken to ensure that the washing is complete.
In addition to the number of washings, washing time, temperature, and pH of the
washing solution need to be controlled. Although all washings are performed with
the cold-acidified water, the last wash is generally carried out with purified wa-
ter only to minimize residual acidic component in the final MBP. As mentioned
before, the solvent exchange during precipitation and washing steps produces
sponge-like material with high porosity that in turn offers rapid dissolution and
high compressibility (Fig. 10.6)

 Isolation: The wet MBP can be isolated by vacuum-assisted filtration, filter press,
or a centrifugal filter. Filtration efficiency mainly depends on the particle size of
the precipitate; however, other factors such as type of polymer as well as drug
loading can also influence the filtration efficiency. Depending on the filtration and
washing mechanism used to remove the residual organic solvent, the wet solids
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can be isolated by using impeller-driven scrapper or scoops. Care should be taken
to ensure removal of most of the free liquid during filtration step. The resulting
wet solid can be dried immediately or can be held in proper storage conditions
for later drying. Usually, refrigerated conditions are preferred to minimize risk
of crystallinity and/or microbial growth. In batch mode, several sub-batches of
coprecipitates can be collected for drying.

* Drying: Drying of wet cake is the second most critical step in the MBP process
as the product is subjected to elevated temperature for an extended period of time
to drive off the excess water. After final isolation, typical wet MBP cake contains
about 60-90 % of its mass as water. Obviously, removing this amount of water
out of MBP cake is not a trivial matter. It is well documented in literature that
combination of heat and moisture is the number one culprit in amorphous material
destabilization. In this drying step, both heat and moisture are present, the same
elements that should be avoided. The key success factor for overcoming these
destabilizing forces is an efficient and rapid drying process. Typically, a forced-
air oven, filter dryer, agitated conical or spherical dryer, drum dryer, or fluid bed
dryer has been used. For compounds with a high tendency to crystallize, fluid bed
dryer provides the best mode of drying. As a rough rule of thumb, the product
temperature should be maintained 50 °C below the T, of ASD during drying to
have the least impact on the product quality (Taylor and Zografi 1997).

» Milling: On a microscopic level, the MBP particle is homogenous material which
contains the amorphous drug either molecularly dispersed or nanoscale dispersed
in the polymer matrix. On a macroscopic level, the bulk powder properties of
MBP can vary substantially. To normalize material properties for downstream
processing, the MBP material can be milled using standard milling technologies
such as impact milling or air-jet milling. Bulk density of the powder ranges
between 0.1 and 0.3 g/cc and may require further densification prior to the final
dosage form manufacture.

The key formulation and process factors are summarized in Table 10.4.

10.4 In-Process Characterization

As discussed in the previous section, MBP is a highly complex industrial process
comprising of multiple unit operations including (a) stock solution preparation in
which API and polymer are mixed in a common solvent, (b)dissolution in which
API and polymer are heated and agitated to ensure complete dissolution without any
residual crystals, (c) coprecipitation in which stock solution is brought in contact
with antisolvent such as chilled acidic water in a controlled manner to induce well-
dispersed amorphous coprecipitate, (d) isolation in which the coprecipitated solid is
separated from the suspension by means of filtration or centrifugation, (e) washing
and rinsing in which the coprecipitated solid is further rinsed with water to reduce
residual organic solvent, (f) drying in which the washed cake is dried to remove
excess water, and finally (g) milling in which dried material is delumped and milled
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Table 10.4 Overview of MBP processing steps

Unit operations

Key considerations

API and polymer dissolution

Solubility and stability in solvent
Temperature and time

Solid content and viscosity
Mixer design and speed

Coprecipitation

Batch mode vs. continuous mode

Flow rate

Droplet size distribution

Mixer design (shear and energy, e.g., stir bar,
vortex, propeller, homogenizer, rotor—stator)
Solvent to antisolvent ratio

Temperature

Processing times (scale dependent)

Extraction/washing/filtration

Volume of antisolvent

Filter media (filter paper, filter press, centrifugal
filter)

Compressibility may cause blinding
Channeling may reduce extraction efficiency
Stability of wet cake

Wet cake stability (physical, chemical, microbi-
ological)

Residual solvents, moisture content

Cycle time

Isolation/discharge

Moisture content, particulate properties

Drying

Tray dryer

Agitated dryer (rotary tumble and conical)
Filter dryer

Fluid bed dryer

Cycle time and stability

Particulate properties

Milling

Delumping (Conical mill)
Impact milling (hammer or pin)
Air-jet milling

Media and ball milling

Densification

Dry granulation (roller compaction), fluid bed
granulation, or wet granulation
Blending/compatibility with other excipients
Compression or encapsulation

to a target particle size. As part of in-process evaluation, it is important to ensure
that amorphous state is maintained throughout the manufacturing process, as it not
only helps in establishing the controls but also to troubleshoot the process in case
of failure. The whole operation can take a few days to several weeks that may be
performed in multiple locations/sites depending on the batch sizes and the logistics.
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It is important to establish the critical quality attributes for each operational step.
Above all, keeping the product as non-crystalline amorphous state during each oper-
ation is the utmost critical element in the MBP process. During the initial dissolution
operation, API should be completely dissolved and no crystalline seeds should be
found anywhere in the vessel. Any residual crystalline seeds can potentially act as fur-
ther nucleation sites in subsequent steps. Heating may be applied to aid dissolution of
drug and polymer and to reduce the viscosity. If need be, the drug—polymer solution
can be filtered prior to precipitation to ensure no undissolved material is introduced
into precipitation step. Needless to say, controlled coprecipitation is at the heart of
the MBP process. First, drug and polymer must be precipitated together in such a way
that drug molecules are incorporated uniformly in the polymer matrix at a molec-
ular level. Second, coprecipitate should disperse in aqueous media as uniform fine
particles without forming large solid aggregates. Well-dispersed MBP suspension
maximizes solvent—antisolvent exchange and ensures optimal downstream process-
ing. Any mishandling of the wet cake in subsequent operations may cause phase
separation leading to crystallization. As such, drying is another key operation in the
MBP process where material can convert to crystalline state if proper care is not
taken.

Although crystallinity is the most critical parameters in MBP manufacture, resid-
ual solvent level and water content are equally important. ICH guideline dictates the
allowable organic solvent level in the final pharmaceutical product. It has been ob-
served that residual organic solvent, if not removed, can negatively impact stability
of ASD either by lowering the 7, or by dissolving drug in micro-domains, resulting
in recrystallization during storage. Water content in any ASD is critical since it can
adversely impact stability of the ASD by lowering its 7. Although MBP is best
prepared in aqueous media using water as the antisolvent and the penultimate wet
cake is more than 70 % water, however, establishing appropriate moisture control
is critical for long-term storage. Because of the presence of water, one should be
mindful of bioburden as the wet cake can support mold or fungi growth. Particle
size of the precipitate and its microstructure have significant impact on downstream
processing and performance of drug product.

The following subsections address the key in-process control parameters.

10.4.1 Crystallinity

Ensuring complete amorphous state is a key element in any ASD manufacturing pro-
cess. Analytically, amorphousness is only assumed by lack of crystallinity. Various
techniques can be employed, but two techniques are most useful. The first technique,
X-ray diffraction (XRD) is the primary tool in assessing crystallinity and is useful in
assessing successful MBP production. Secondly, birefringence examination using a
cross-polarized light microscope (PLM) is utilized. Occasionally, birefringence can
be used for fast feedback. Only after assurance of the lack of crystallinity, the process
can move to the next step of the manufacturing chain.
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Wet MBP cake is typically 60-90 % water causing X-ray signal substantially
attenuated. Any small suspect crystalline peak can become quite large when material
is dried. Any suspect peaks in the wet cake, therefore, should be examined thoroughly
to investigate potential incomplete conversion. XRD is not a sensitive tool in the
determination of trace levels of crystallinity. Secondary techniques such as Raman
spectroscopy should be employed where applicable.

10.4.2 Residual Solvent

Typically, nonvolatile solvents such as DMA, DMSO, DMF, or NMP are used in
manufacture of MBP and these are only removed by the rinsing and washing opera-
tion. Higher level of organic solvent not only poses health concerns but can also raise
long-term MBP stability concerns. High level of organic solvent has been shown to
induce crystallization in the MBP. One can postulate that residual organic solvent
can lower the glass transition temperature, and thereby increase molecular mobility.
In addition, it can dissolve the drug which can crystallize over a period of time.
Usually, three to five washing cycles are sufficient to reduce the organic solvent level
to below 0.1 %. This is dependent on the particle size, type of polymer, and design
of the vessel. GC methods are commonly used for the detection of organic solvents.
Organic solvent level of less than 0.1 % has been found to be acceptable without any
negative impact on the quality of the MBP.

10.4.3 Moisture

The wet MBP cake after filtration generally contains about 60-90 % water by weight,
and this must be removed to an acceptable level. Thus, the drying step is one of the
most critical steps in MBP manufacturing and should be closely monitored. Water
level in the cake can be monitored by water activity of the outlet air and further
confirmed by more sensitive moisture measurements such as potentiometric titration.

10.4.4 Bioburden

Drying is a unit operation where multiple batches of coprecipitate can be combined
to gain production efficiencies. In such cases, wet MBP can be stored in a refrigerator
for an extended period, but only if the amorphousness of wet MBP is ensured. It has
been observed that, if not properly stored, mold and fungi can grow in the wet cake.
Bioburden tests should be performed prior to drying in cases where the wet cake
needs to be stored for extended period of time before drying.
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Table 10.5 Tiered MBP IPC testing

Tier Tests Targets Comments
Tier 1 DMA level <0.1% In-process control to
Water level <2.0% minimize residual
Granule size Monitor solvents and granule size
Tier 2 XRD No crystalline peak First-hand testing to
DSC Monitor T, evaluate the success of
PLM No crystalline drug initial amorphous
particles in MBP conversion
Tier 3 Suspension stability in No crystallization Initial testing to
aqueous vehicle within at least 8 h, evaluate stability aspects
preferably longer periods | of the amorphous product
Tier 4 Comprehensive solid-state | Satisfactory Comprehensive testing
characterization for long-term stability
Discriminating dissolution and dosage-form
testing development

10.4.5 Tiered Testing

MBP is a complex multiunit operational process. Identifying and assessing quality
of MBP at each step expedites the successful development of MBP. The following
tiered approach can be used to assess MBP during early screening (Table 10.5).

10.5 Characterization of MBP

The MBP is a special type of ASD obtained from a controlled coprecipitation pro-
cess and differs from other ASDs in physicomechanical properties such as porosity,
surface area, bulk density, microstructure, flow properties, wettability, etc. Neverthe-
less, the overall characterization scheme of MBP is the same as any other ASD, which
will be described elsewhere in this book. This may include crystallinity by XRD,
glass transition temperature evaluation by differential scanning calorimetry (DSC),
molecular structure by IR and Raman, solubility assessment and dissolution pro-
file, and micromeritics such as bulk density, particle size, porosity, flowability, etc.
Physicomechanical properties of MBP are addressed in Examples of Bioavailability
Enhancement section of this chapter.

10.6 Formulation for Preclinical Toxicology Studies

As noted earlier, the efficiency and versatility of the MBP technology makes it an
ideal option for preparing formulations for preclinical studies. Owing to the flexibility
of dosing, liquid formulations are preferred for preclinical PK and toxicological
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studies. However, the development of liquid formulations of ASD such as MBP
requires a careful consideration of stability, wettability, and dispersibility, as well as
storage and holding time. High concentrations of ASD suspensions tend to exhibit
gelling and difficulty in dosing, especially upon storage over time. Further, given
the hydrophobic nature of the drug, poor wettability and dispersibility can present
problems in reconstitution of the powder.

In developing liquid formulations for toxicological dosing, the liquid intake vol-
ume in animals, especially rodents, can be quite limiting. For example, at 5 mL/kg,
the volume intake in a rat is around 1 mL for a single dose which limits the to-
tal amount of dispersion that can be administered. At high dose levels, the solids’
concentration achievable in such small volumes can be a major challenge.

10.6.1 Toxicological Vehicle Selection

The vehicle used to prepare amorphous MBP suspension should be able to maintain
the physical stability of the ASD for at least 4 h and preferably 24 h to support the
typical time period of constitution, mixing, and dosing in toxicology studies. Vehicle
pH is often critical for amorphous formulations containing enteric polymers. The
vehicle pH should be on the acidic side to minimize the API and polymer dissolution.

The inclusion of nucleation inhibitors such as silicon dioxide can modulate nu-
cleation process, thus prolonging the suspension stability. Particle size control of
amorphous formulations is essential for homogeneity and withdrawability for dosing
accuracy.

10.6.2 Evaluation of MBP Toxicology Formulation

A standard approach is to prepare various concentrations of MBP suspension in a
vehicle with different additives. Stability of MBP formulation should be monitored
both chemically and physically. The amorphous nature of MBP can be investigated
by XRD or other techniques. To be viable, MBP suspension should demonstrate at
least 4 h, preferably 24 h stability in the toxicology vehicle.

10.6.2.1 Effect of MBP Concentration

The effect of MBP concentration in aqueous vehicles has been studied by the authors.
Physical stability of various concentrations of MBP suspension (up to 100 mg/mL)
was examined in aqueous vehicles containing Klucel LF as a wetting and suspending
agent. Solid residue was analyzed by XRD after 4 h of mixing. The relative level of
crystallinity by XRD suggested that the higher concentration MBP suspension (e.g.,
100 mg/mL) was more stable than the lower concentration MBP (e.g., 5 mg/mL).
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10.6.2.2 Effect of Additives

Commonly used additives in the toxicology vehicle are preservatives and stabilizers.
Use of antimicrobial preservatives in aqueous vehicles is needed if toxicology vehicle
is not prepared fresh but prepared in bulk for later use. Unfortunately, certain preser-
vatives such as methyl and propyl parabens may influence the physical stability of the
MBP negatively. For example, in the study described above, the relative stability of
MBP suspensions prepared without parabens was better than that of the suspension
with the parabens. Therefore, the use of preservatives in these preparations should
be carefully evaluated.

Based on extensive research and years of experience, it has been shown that
dispersing agents can be quite useful. The inclusion of small amounts of dispersing
agents in the suspension was found to prolong the MBP suspension stability over
extended periods of time during the conduct of toxicology studies.

Although pH of the vehicle prevents dissolution of API, the ingress of water into
polymeric system cannot be avoided and that can have a negative impact on the
stability. In some cases, use of hydrophilic fumed silica was found to prolong the
stability of MBP formulation during toxicology enabling studies. It is postulated
that the nano-sized silica particles adhered to the MBP particles. This results in
amorphous MBP particles being “coated” with silica agglomerates, thus minimizing
fusion, nucleation, and crystallization (Planinsek et al. 2011).

10.7 Design of Final Dosage Form

The powder obtained after drying needs to be processed into final dosage form. From
practical perspective, the particulate properties of MBP such as bulk density, porosity,
particle size, and size distribution are similar or slightly superior to spray-dried
material. The two key features of the MBP particulate properties that standout quite
favorably compared to other amorphous technologies are high porosity and superior
wetting. They are attributed to the nature of the process, i.e., solvent extraction versus
surface drying and the use of aqueous medium as antisolvent. These characteristics
can have direct impact on the downstream processing (densification) and dissolution.
In contrast to melt-extruded products where the compaction to final dosage form is
limited due to porosity of the extrudate, the high porosity of MBP provides superior
compaction properties without loss of dissolution. The particulate properties of the
MBP depend on the MBP processing and factors ranging from preparation of solvent
(solid content) to the final step of drying can influence the particulate properties. To
produce granules suitable for high-speed tablet machines, the intermediate powder
of MBP is densified using preferably dry granulation method. The densified material
with additional excipients such as disintegrant and lubricant can be converted into
capsules or tablet. More details about the downstream processing are presented in
the other chapters in this book.
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Table 10.6 Bioavailability Comparison of ROX45]

Formulation AUCO-oo/dose | Tmax Cmax Percent
(ng.h/mL)/ (hr) (ng/ml) bioavailability
(mg/kg)

Micronized drug suspension | 29.5+8.3 1.0£0.0 | 5517 39

Nanosized drug suspension 86.1 +13.7 1.5+£0.6 | 142+£53 11.2

Pluronic F68 dispersion 5324152 0.8+04 | 2044 £374 69.0

(10% drug loading)

Microprecipitated Bulk 686 £ 237 25+09 | 1212+£358 89.0

Powder (MBP)(50% drug

loading)

IV formulation 766 +8.3 n/a n/a 100.0

I'N =4.2 males and 2 females with a parallel design

10.8 Examples of Bioavailability Enhancement

Experimental drug ROX45] is a potent kinase inhibitor demonstrating an excellent
efficacy and toxicology profile during early preclinical studies. Unfortunately, an
unacceptable bioavailability (3.9 % in dog) put this candidate in danger of premature
termination. Subsequent effort to enhance bioavailability using nanomilling proved
to be insufficient (11 % in dog).This molecule has no measurable pKa in physio-
logical pH ranges and showed aqueous solubility of 0.0001 mg/mL. The compound
decomposed upon melting at 230 °C. Solubility in acetone was less than 0.5 % and
the compound also showed tendency to form solvate. These physicochemical proper-
ties made it difficult to make an ASD using either hot-melt extrusion or spray-drying
processes.

Employing MBP technology, ASD of ROX45J was developed at a 50 % drug
loading using Eudragit L100 as a stabilizing polymer. MBP of this compound was
tested in dogs, resulting in an outstanding bioavailability improvement (89 %) as
seen in Table 10.6. This molecule progressed to clinical studies for a full evaluation,
which was possible only because of MBP technology (Dupont et al. 2004).

10.9 Challenges and Future Innovation in MBP Technology

Since the introduction of MBP technology in the late 1990s, it has made tremendous
progress, enabling advancements of hundreds of compounds into preclinical and
clinical studies. Zelboraf® is the culmination of these efforts and technical advance-
ments (Chapman et al. 2011; Heakal et al. 2011). The development and marketing
of this important oncology medicine were only possible because of the application
of the MBP technology:
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Despite its successes and advancements, MBP is still in a stage of infancy with
much room for improvement. One of the major challenges that the authors observed
was that certain molecules are very difficult to convert to stable amorphous MBP.
Although they identified the anecdotal cause and effect relationships over many years
of experience, no robust theoretical relationship has been established. As discussed
in the API section, the relationship of API physicochemical properties to successful
conversion to a stable MBP must be further explored.

Polymers are limited to several ionic polymers due to the design of the coprecipita-
tion process as well as the available safety data of polymers. Excipient manufacturers
are striving to design additional polymers with different functional groups exhibit-
ing different solubility and interaction potential. This certainly will broaden MBP
applications. As discussed earlier, the authors observed the drug—polymer interac-
tion as one of the key elements in the success of MBP. Increased pool of polymers
may expand the usefulness of MBP and move the technology beyond the current
limitations.

MBP is a complex process with several unit operations, and appropriate in-process
controls are absolutely essential. The scale-up from laboratory scale to production
scale is challenging and complex. This technology has been developed with the ca-
pacity to produce several tons supply; however, additional process efficiency may
be feasible by further investing in understanding and optimizing the key unit opera-
tions. Continuous manufacturing must evolve in order to reduce production cost and
increase productivity (Mascia et al. 2013).

10.10 Summary

A solvent-controlled coprecipitation technology, known as MBP technology, can be
used for the manufacture of ASDs of poorly soluble drugs. In this technology, a solu-
tion containing drug and polymer is carefully delivered to an antisolvent in order to
induce fine droplets of coprecipitates, which are then isolated, rinsed, washed, dried,
and milled. MBP produced by this technique is an ASD with unique physicochem-
ical and physicomechanical properties that provides enhanced bioavailability not
seen from products manufactured using other ASD techniques. MBP is a complex
engineering process comprising multiple unit operations. The critical operational
parameters related to this process have been fully described in this chapter.

MBP technology is particularly useful for highly insoluble so-called brick dust-
like compounds where other conventional amorphous techniques fail. Compounds
that can benefit by application of MBP technologies are molecules with the following
properties:

* Poor solubility in water, typically less than 0.001 mg/mL

* Poor solubility in volatile organic solvent, typically less than 1 %
¢ High melting point, typically higher than 200 °C

* High lipophilicity with log P greater than 3

¢ High molecular weight greater than 500

» High H-bonding acceptors greater than 7



10 MBP Technology: Composition and Design Considerations 349

Itis believed that in MBP, the drug molecule is dispersed in an inert polymer carrier at
a molecular or nanoscale level. The drug molecules in MBP are immobilized by the
polymer preventing drug molecules to migrate, resulting in inhibition of nucleation
and crystallization. Furthermore, the polymer protects the amorphous drug from
moisture enabling maintenance of physical stability.

The solid dispersion produced by the MBP process can achieve high degree of
supersaturation during dissolution in the GI tract resulting in enhanced absorption
with minimum food effect. If desired, MBP formulations can even be engineered to
provide sustained release profiles. The MBP technology provides a viable alternative
for ASD technology when other technologies such as spray drying and hot-melt
extrusion are not suitable.
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