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In November 2011, you tasked us with the problem of designing a haloperidol-loaded, poly(lactic-
co-glycolic acid) (PLGA) microsphere capable of controlled drug release as a pharmaceutical
product, and designing a process based on cross-flow membrane emulsification (XME) that would
generate these microspheres on a commercially relevant scale. These product depo-haloperidol
spheres would vastly improve the lives of patients living with schizophrenia, as the timed-release
technology provides a constant therapeutic concentration of drug over the span of one month
between injections. We anticipate that these drug-loaded microspheres will capture a significant
portion of the anti-psychotic market due to the added consumer convenience brought about by
infrequent treatment periods. The following report details the complete product and process design
of the PLGA microspheres and the XME generation method.

The product depo-haloperidol spheres are designed according to a polymer molecular weight and
size distribution, in order to ensure that drug is released at a constant rate over time. By ensuring
constant release, we minimize potential side effects. The product is generated by emulsification of an
organic phase (containing PLGA and haloperidol dissolved in dichloromethane) into an aqueous
phase. The XME process allows for the generation of uniformly sized emulsion droplets, and
evaporation of the dichloromethane solvent leaves a hardened drug-loaded particle.

The estimated market size of our product is $445 million, with a market price of $340.37. These
parameters give a net present value of $88.8 million and an IRR of 316%. In the U.S. alone, 2.1
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USD on their care. The microsphere formulation is projected to save each patient 8,037 USD, or
27% of their total medical spend, potentially improving the percentage of patients treated, from a
dismal 19.1% The addition of controlled release and extended release features to a schizophrenia
drug is unprecedented. To the 24 million people that suffer from this chronic and incurable disease,
the chance to regain even a portion of their own autonomy is priceless.
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Abstract

Haloperidol-loaded poly(lactic-co-glycolic acid) (PLGA) polymer spheres show great practical
applications as pharmaceutical products. These micro scale polymer spheres can be intramuscularly
injected into a patient, after which the particles reside in the patient’s body and release the drug
payload over the course of one month. The process of drug release into the body is controlled by
diffusion of small-molecule drugs through the PLGA matrix. Over time, the aqueous environment
surrounding the polymer spheres causes hydrolysis of the PLGA chains resulting in bulk matrix
degradation. Such degradation facilitates the diffusive motion of small molecules such as
haloperidol, and release accelerates. By controlling the size distribution of particles and the initial
polymer chain molecular weight at injection, it is possible to design a timed-release product that will

discharge its entire drug content at a nearly constant rate over its one-month lifetime.

To achieve the required constant release profile, we assemble product spheres using 40,000
Dalton PLGA chains in a size distribution of 5 parts by weight of 20 um diameter spheres added to

1 part by weight of 36 pm diameter spheres. We verify by mathematical modeling that this product
specification shows nearly constant release kinetics, and therefore poses minimal risk of side effects
for a consumer. This formulation is predicted to remain active for 36 days before all drug content is

depleted.

Product spheres are generated using the method of cross-flow membrane emulsification
(XME). According to this technique, polymer and drug are dissolved into a dichloromethane
solvent, which is sheared into uniformly sized emulsion droplets by cross-flow of an aqueous phase.
Following generation, these emulsified droplets are collected downstream and exposed to vacuum in
order to remove the organic solvent. This hardening process leaves a dry, drug-loaded polymer
sphere that can be freeze-dried and sold to a consumer. The XME process has been well studied and
mathematically modeled. We use this physical modeling to precisely design an array of flow-channels
in which the emulsification process occurs. These channels house a thin membrane, perforated with
thousands of micro-scale pores, through which the organic phase is introduced into cross-flow by
the aqueous phase. The availability of a large number of emulsification pores enables the XME
process to scale-up to meet the project demand. The process operates a total of 7 XME channels
with a total of 12,461 pores, which enables the production of 500,000 patient doses of the PLGA

sphere product over the course of a 90-day operating timetable per year.



4.6 million patients are diagnosed and treated for schizophrenia globally with two different
drug classes: the atypical (2™ generation) sector and the typical (1% generation) sector, within which
our product lies. The calculated sale price of the final product is $340.37 for a month-long dose.
With a projected total market saturation of $445 million in the sixth year of production, and a total
project lifetime of 10 years, the project is expected to generate a net present value of $88.8 million
dollars, with an IRR of 316%. This is dependent on both the erosion of the atypical sector of the
haloperidol market and the capture of market share from haloperidol and its equivalents in the
typical sector. Beyond its application for haloperidol, the XME platform is particularly suited for
development in the chronic disease market, which includes heart disease, diabetes, and cancer, the
three largest disease segments in the industry. The flexibility of the segment gives access to a huge
untapped source of revenue, through the convenience of dosing and dosing optimization that it

facilitates.



Chapter 1: Introduction

1.0 Research Motivation

Maintaining drug concentrations within therapeutic range has long been a sought after goal in the
pharmaceutical industry. This maintenance is embodied in a zero-order release profile, or constant
(controlled) release. This allows for a minimization of side effects while constantly maximizing
efficacy. Traditional drugs taken orally are plagued by a variety of factors that make a constant
concentration neatly impossible, such as degradation in the digestive system, variability in patient
metabolisms, and nonspecific targeting of a dose. Depot injections of drug allow for localized
delivery, lower doses, and can ameliorate some of these variable factors, but are, on their own, still
unable to address the need for a flat concentration profile. Long-acting formulations are becoming
increasingly prevalent as a tool to address this need, with the added benefits of addressing patient
noncompliance and simplifying treatment regimens. Long-acting formulations are most useful for
the treatment of chronic conditions (e.g. heart conditions, cancer), conditions that require constant
concentration in the body (e.g. vaccines, antibiotics), and conditions that affect patient compliance
(e.g. schizophrenia, bipolar disorder). Many of the formulations that are currently on the market

lengthen the lifetime of a dose, but few also address the issue of a consistent dosing.

Improving long-acting parenteral drug formulations allows for improved efficacy, decreased
side effects, patient compliance, and reduced cost of care, making it an invaluable tool in the

optimization of drug regimens.

In this paper, the application of a cross-flow membrane emulsification technique for the
manufacture of combinations of monodisperse poly(lactic-co-glycolic acid) (PLGA) microspheres
with haloperidol, a drug primarily used for the treatment of schizophrenia, for a zero-order,
controlled release depot injection is explored. The use of a model drug allows for the demonstration
of the optimization technique applicable to a wide range of therapeutic substances, both for the
production process and downstream processing of the microparticles. A detailed description of the
reagent, device, and processing unit specifications is discussed, and followed by an economic
feasibility analysis of the platform technology and the impact of such a platform on the chronic

disease management markets.



The technical specifications of the process will be tailored towards the production of
500,000 month-long patient doses of haloperidol-PLGA microspheres in the first year of
production. Production occurs on a compressed 90 day schedule, which allows the plant to dedicate
the remaining 75% of its operating year towards new products and leaving room for additional
capacity. 500,000 doses accounts for approximately 42,000 patients treated per year, assuming a full-
year regimen, which is approximately 2% of the U.S. schizophrenia market. Haloperidol itself
currently accounts for 0.2% of the total U.S. schizophrenia market, but with the extended release
and controlled release features of the polymer microspheres, this share is expected to increase to 4%

within a six year window.

While sales of haloperidol are limited due to the increased genericization of other drugs with
the same indication, the potential behind the XME technology as a platform for drug development
has much greater potential. The populations and drugs that may benefits from the additional
features of the XME platform include those drugs with dangerous side effect profiles
(chemotherapy), diseases with poor patient compliance (mental illnesses), chronic diseases that
require consistent treatment (diabetes, heart disease, oncology), and indications that have a
concentration at which optimal performance is achieved (antibiotics, vaccines). The potential
revenue from additional development in these areas is vast, and is an additional consideration to the

optimization contained here of the model drug haloperidol.



1.1 Project Charter and Scope

Project Name Microfluidic Production of Depo-haloperidol with a Controlled Release
Profile

Project Champions Dr. John C. Crocker, U. Penn; Robert Meyer, Merck & Co.

Project Leaders Gregory Cordina, Abby Lee, William Mulhearn, Gurnimrat Sidhu

Specific Goals Develop an optimized cross-flow membrane emulsification (XME)
process design delivering Depo-haloperidol droplets of an optimal
particle size distribution correlating to constant drug release profiles

Project Scope In-Scope:

*  XME-based process using PLA/PLGA matrices

* Produces spheres at most 100um in size (18 gauge hypodermic
needle — maximum blood entrainment size)

* Continuous or batch-continuous processes

* Application of process to production of other drugs

Out-of-Scope:
*  Other methods of microfluidic production
* Non-continuous production design

Deliverables *  Microfluidic drop formation device design

* Modeled drug release profile of desired particle-size distribution

* Technical feasibility assessment for commercially relevant scale of
product (500,000 patient doses/year)

* Capability assessment for a pharmaceutical manufacturing facility
based on quality regulations and capital and operating costs

Timeline Project feasibility and design reports to take place over the course of
approximately 3 months




1.2 Technological Readiness Assessments

1.2.1 Innovation Map

Customer Value

Safe release = no initial “burst” of drug

Long duration = less frequent injections

Proposition
Zero-order release depo-haloperidol

Products

Technical Monodi h ducti L durati lled rel
. L. Monodisperse sphere production ong-duration controlled release

Differentiation
Process A .
Cross-flow membrane emulsification Drug entrapment in polymer microspheres

Technology

Material

Immiscible liquid phases poly(lactic-co-glycolic acid) haloperidol

Technology




1.2.2 House of Quality

Feasible prod.

Biodegradable

Long duration

Predict kinetics

Size control

Monodisperse

Moderate cost (FTS)

Technical Requirements Monodisperse Size control Predictable kinetics| Long duration Biodegradable | Ease of production | Dry-deliverable
Customer Requirements Weight
Safe delivery materials (FTS) X 03
Long release time (NUD) X 0.2
Constant release profile (NUD) 0.3
No initial burst X X
Constant kinetics X X
Hypodermic needle delivery (FTS) X X 0.1
X 0.1




1.3 Market and Competitive Analysis

The total prevalence of schizophrenia globally is 24 million. Of this 24 million, only 4.6 million are
diagnosed and treated, which accounts for approximately 19.1% of the total population.

Schizophrenia drugs comprise a $5.7 billion market.

There are two drug classes that treat schizophrenia: typical antipsychotics and atypical
antipsychotics. Typical antipsychotics were the first generation of drugs developed to treat mental
disorders. The class has since been overtaken by atypical antipsychotics, which were thought to have
improved side effect profiles and higher efficacy. Haloperidol, the model drug used in this paper, is a
typical antipsychotic. Its comparatively poor side effect profile led to it being overtaken by drugs in
the atypical sector; however, recent clinical studies indicating that most side effects experienced with

haloperidol were a direct result of the patient taking too much or too little of the drug.

The maintenance of an optimized concentration has been a long sought after goal in the
pharmaceutical industry, and the benefits of such a dosing methodology are not limited to
haloperidol alone. A drug delivery technology involving drug embedded within polymer
microspheres is one way to begin the solution. Polymer microspheres have predictable drug release
profiles that are dependent on size, and different sizes can be combined to deliver a constant
optimized concentration, referred to as a zero-order release profile. The second advantage to these
polymer microspheres is their ability to extend the lifetime of a single dose, a fringe benefit of their

release profiles.

The manufacture of these microspheres must be precise to ensure a zero-order release
profile. This paper explores the ability of cross-flow membrane emulsification (XME) to produce

monodisperse polymer microspheres for drug delivery.

Combining haloperidol with XME technology to produce a controlled, extended release
formulation would be a new generation of antipsychotics. Currently, there are several extended
release formulations on the market. The products that would compete with our product are the oil-
based, esterified versions of typical antipsychotics that allow for more convenient dose schedules. In
particular, our economic analysis in Chapter 7 focuses on haloperidol decanoate, the extended

release formulation of haloperidol. These esterified extended release formulations suffer from one
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main flaw: their inability to deliver a zero-order release profile. These formulations are generally only
used for mild cases of schizophrenia, due to the danger inherent in the inconsistency of drug levels,

which lead to suboptimal clinical outcomes.

Other extended release formulations on the market include Seroquel XR®, an extended
release formulation of quetiapine, a drug used to treat schizophrenia, bipolar disorder, mania, and
depression. Seroquel XR® does not have a controlled release feature, and is more commonly used in
indications outside of schizophrenia. It is a once-daily tablet, as compared to haloperidol dosing that
is generally twice-daily. The finalized product specifications of the haloperidol controlled release

product are for a single dose per month, which would improve the dosing convenience dramatically.

Outside of the typical sector esterified formulations and Seroquel XR®, the haloperidol
controlled release profile does not have any comparable competitors, and is expected to overtake
market share from both the typical and atypical sectors. The expected market share for the product

is further discussed in Chapter 7.






Chapter 2: Technical Background

2.0 Chapter Introduction

The objective of this section is to describe polymer microsphere technology, the factors that
influence the drug release profile from the microspheres, namely the choice of polymer and the
theoretical description of degradation and drug release from microspheres, and the cross-flow
membrane emulsification (XME) process. In the choice of poly(lactic-co-glycolic acid) (PLGA) as
the polymer basis of this technology, three characteristics were necessary: biocompatibility, a
predictable bulk degradation process, long hydrolysis half time, and compatibility with a wide range
of drug conjugates. All of these characteristics are derived from unmet customer needs in the
chronic disease management markets, including convenience of dosing schedule and maintenance of
an optimal bioconcentration for patients, which would decrease the risk of side effects and aid in

improving clinical outcomes for patients.

An analysis of the bulk-degradation process indicated size of the microparticle as the most
influential characteristic of the microparticle controlled by the production process. The importance
of size control to the achievement of a zero-order release (constant release kinetics) is shown, and
XME as a production method that allows for the necessary precision. Finally, haloperidol is
introduced as the model drug used in this papet, for its physical and chemical properties, as well as
the importance of an improved controlled release formulation over the current standard, haloperidol

decanoate, for schizophrenia, a chronic mental illness.



2.1  Drug Delivery Technology: Drug Embedded Polymer

Microspheres

Polymer microspheres have been touted as the most promising technology to address the current

deficiencies in long-acting parenteral drug formulations. An ideal microsphere would sustain itself
within the body for a long period of time, have a zero-order drug release profile (constant release

kinetics over time), have high drug-loading efficiency, and utilize biocompatible encapsulation

materials.

Microspheres cover a wide spectrum of drug carrier technologies, including liposomes, drug
polymer conjugates, and drug-embedded biodegradable polymer matrices. This paper focuses on the
use of drug-embedded biodegradable polymer matrices, which boast several important advantages
over other encapsulation techniques. Polymer matrices are stable, have high drug encapsulation
efficiency, predictable degradation and sufficient residence time in the body (length of time between

doses).'
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2.2 Choice of Platform Polymer: poly(lactic-co-glycolic acid)
(PLGA)

The most important factor in the choosing of a polymer to base a microsphere on is the type of
degradation the polymer experiences. Polymer degradation occurs as a result of chain cleavage,
which slowly breaks down the polymer into its constituent monomers. While there are many
different catalysts that facilitate polymer degradation, for our purposes we focus only on chain

cleavage by hydrolysis.

The polymer in use here is poly(lactic-co-glycolic acid), or PLGA. PLGA has been in use as
a medically resorbable suture for over 40 years. PLGA has already been commercialized for number
of drug delivery systems — films, matrices, microspheres, and pellets among them, and has been
noted for both its biodegradability and biocompatibility in these applications.” Given this polymer’s
long history of use in biomedical applications, there is no need to engage in additional clinical trial
time to approve a potentially less well-known polymer. This will be invaluable from a financial
perspective, as it decreases the runway time towards approval of the overall vehicle. PLGA is
compatible with a wide variety of drugs, including small molecule drugs, hormones, and proteins.

This indicates a huge range of applicability for a drug delivery platform that utilizes PLGA.

PLGA is particularly well-suited for a drug carrier because of its degradation profile, which
ultimately controls drug release. PLGA degradation depends on molecular weight, copolymer
composition, and crystallinity, all of which can be easily manipulated during the manufacture
process. For example, an increase in molecular weight of the polymer results in longer degradation
times and slower release. Erosion of PLGA begins via hydrolysis of the ester bonds in the polymer
backbone, which occurs upon contact with water. This hydrolysis produces acidic oligomers, which
are relatively hydrophobic and therefore tend to buildup within the microsphere. This causes the
microsphere to essentially degrade from the inside out due to autocatalysis. Depending on the ratio
of lactic acid monomers to glycolic acid polymers as well as the molecular weight of the polymer, the

hydrolysis half-life of PLGA is about 0.6 months.
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The polymer microspheres mentioned in SECTION are spheres that are composed of
lattices of polymer that encapsulate molecules of drug. The breakdown of these microspheres
determines the rate of release of drug into the body. This breakdown is determined by the
breakdown of the polymer that it is composed of, which is a function of the hydrolysis half-life of
the polymer. The hydrolysis half-life indicates the approximate length of time a polymer can be

exposed to water before breaking down. >

First, the simplest case is considered. The polymer here is defined by a chain of four
monomers. Polymers tend to break the bonds between monomers at the end of the chain more
easily. This chain is able to be latticed with other polymer, but upon the breakdown of the last two
monomers, the polymer dissolves completely and that section of the sphere is completely
decomposed. If the hydrolysis half-life of the polymer is of short duration, these bonds are broken
quickly, and the difference in the duration of time that a polymer unit spends exposed to water is
inconsequential. The polymer quickly ‘melts’, a process called surface degradation, because the

polymer units on the surface degrade first.

However, if the hydrolysis half time is of long duration, then these minute differences in
time that the polymer spends exposed to water become very important. As the polymer units on the
outside break down, new polymers on the inside of the sphere become exposed. The uneven
breakdown of the surface due to the polymer being exposed to water near the end of a chain versus
the middle begins to make inroads into the sphere, creating a web of tunnels, called a pore network.
This decomposition of the polymer sphere is called bulk degradation, because degradation of the
polymers is not localized, but rather spread out through the entire bulk of the sphere. Bulk
degradation tends to occur steadily over time in a predictable way, while surface degradation tends to

occur quickly over short periods of time, resulting in bursts of drug being released into the body.

PLGA’s long hydrolysis half-life indicates that it tends to bulk degrade. The distinction
between bulk and surface degrading polymers and a more detailed model of bulk degradation is

presented in the next section.
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2.3 Polymer Degradation: Surface Degradation and Bulk
Degradation Models

There are two different types of degradation: surface degradation and bulk degradation. Surface
degrading polymers are generally those built primarily of functional groups with short hydrolysis
half-lives. Therefore, by definition, surface degrading polymers release their drug payload very
quickly, making them unsuited for long-release formulations. However, if the diffusion of water into
the particle is faster than the degradation of polymer bonds, the particle undergoes bulk degradation,
a process during which degradation is no longer confined to the surface of the particle. Bulk
degrading polymers undergo a more variable process, whereby the degree of degradation generally

. . 4
increases over time.

While there are various explanations for drug release from microspheres, they can be
summarized in the following phases. In the initial dry state, the drug is initially localized near
discrete, spherical occlusions, as well as adsorbed to the outside surface of the polymer sphere. The
microsphere is then immersed in an aqueous buffer, and water quickly penetrates towards the center
of the microsphere. Initial release of drug occurs due to desorption of material from the surface of
the microsphere. During the hydration of the particle, pores grow in size and aggregate to form
mesopores. The drug can only be released from mesopores, which have a mean characteristic radial
dimension larger than the characteristic radii of the drug itself. This phase is characterized by a large
pore size distribution, and is largely controlled by particle erosion. After the pores have grown to a
sufficient size, drug release is largely controlled by Fickian diffusion, whereupon the drug slowly

diffuses out through the pores.’
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Macropaores (drug occlusions}
Mesopores

Mieropores

hydration

degradation /erosion

Figure 2.1. Bulk Degradation Model. This figure is adapted from the bulk degradation model presented in
Batycky, Hanes, Langer, and Edwards (1997) and assumes a tri-phasic degradation process: initial burst,
hydration, diffusion-controlled.?
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2.4 Size as a Controlling Factor in Polymer Microsphere Drug
Release Profile

The main transport mechanism in a bulk degradation release model is diffusion.’ The diffusive
process is controlled by the size of the particle and erosion of the polymer. Polymer chain hydrolysis
begins following saturation of the polymer matrix with water.” The resulting degradation of the bulk
polymer matrix enlarges the characteristic radius of the pore network, generally increasing the rate of
diffusion. >* However, the specific impact of matrix degradation on the overall drug release profile
depends on the interaction of two characteristic time scales: the time scale associated with the rate of
hydrolysis versus the time scale associated with the diffusive process itself. In the case of small
particles, diffusive drug release completes before significant hydrolysis has the chance to occur.
Therefore, small particles show nearly constant diffusivity over their short lifetimes. In the case of
large particles, the time scale associated with diffusion is longer and significant hydrolysis occurs

prior to depletion. Diffusivity is a strong function of time for large particles.

Diffusivity always increases over time; while the concentration gradient between the particle
and its surroundings always decreases over time. In small particles, the increase in diffusivity is less
important than the decrease in concentration gradient: all drug contained within the small particle
diffuses out before diffusivity has a chance to change. Diffusivity, therefore, is approximately
constant for a small particle, resulting in a fairly predictable concave-down release profile as drug
flux from the particle monotonically falls in time. In large particles, the converse occurs. Over the
long release lifetimes of large particles, diffusivity increases exponentially and quickly outweighs the
effects of falling concentration gradient. The kinetics of drug flux accelerate, giving a concave-up
release profile until all drug content is depleted. The overall shape of the release profile for very large
particles is therefore S-shaped, or sigmoidal. An example case of the effects of increasing particle
diameter is shown in Figure 2.2. The data in Figure 2.2 were generated using the Raman et al. model’
for drug release (see Chapter 3.1), but do not specifically replicate data reported in Raman and

colleagues’ paper.

15



1.2 1.2
a b
08 08
= =
£ 2
o o
] ]
= =
406 | 406 |
w w
< <
L L
U U
~ ~
04 r 04
0.2 | 02
0 + 0
0 10 20 30 40 50 0 10 20 30 40 50
Time [days] Time [days]
1.2 1.2
c d |,
08 08
= =
£ 2
o o
] ]
= =
o 06T o 06T
w w
< <
L L
U U
~ ~
04 [ 04 [
02t 02
0 + 0
0 10 20 30 40 50 0 10 20 30 40 50
Time [days] Time [days]

Figure 2.2. Generalized drug release profiles as a function of microsphere diameter. As the particle size
increases, the release profile shifts from a concave-down shape to a sigmoidal shape. The release profiles
shown were generated by the Raman et. al model (Chapter 3.1), using the following input data: 40,000 Da
molecular weight polymer; radii of (a) 5 um (b) 10 um, (c) 15 pm, and (d) 25 um

Both large and small particles have characteristics that are desirable in extended release
microparticles: small particles for their simple and relatively zero-order release profile, and large

particles for their longevity in the body. In order to best take advantage of these characteristics,
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mixtures of large and small particles will be considered. An optimal mixture would have a combined

zero-order release and a long lifetime in the body.
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2.5 Qualitative Introduction to Cross-Flow Membrane

Emulsification (XME)

Many techniques exist to manufacture drug loaded polymer microparticles, but few are precise
enough to produce particles of a monodisperse size distribution. As discussed eatlier, size is the
single most influential feature of the microparticle’s release profile. Traditional techniques simply call
for physical emulsification by agitation, involving forced mixing of two immiscible liquids, one the
continuous phase with the other liquid dispersed throughout, called the dispersed phase. The
dispersed phase would contain the target drug and polymer in a solvent. This technique produces a
wide range of different sized particles, due to the equally wide distribution of shear force
experienced by the dispersed phase. In contrast, the technique explored here produces
monodisperse particles by controlling shear rate, the application of which deforms and ultimately

detaches a microparticle of the correct size from a dripping pore.
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Figure 2.3. Cross-Flow Membrane Emulsification. This figure was taken from Meyer (2010) and depicts a
transverse view of the XME process.! The continuous phase flows from left to right. The density, viscosity,
and volumetric flow rate of the continuous phase can be specified. The dispersed phase exits through a pore
of a set diameter, Do, and can have its density, viscosity, and volumetric flow rate specified. The culmination
of these factors results in an emulsified drop of diameter, D.

XME consists of two constituent parts: the continuous phase and the dispersed phase,

which are contacted in a controlled manner, in contrast to agitation methods. These two phases
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coexist in a single channel that has orifices on its bottom surface, hereafter referred to as the
membrane. The figure above shows a side-view of the process, with the flow in the channel running
over the orifice on the membrane. The continuous phase flows inside of the channel at a specified
volumetric flow rate, which in turn controls the shear rate that is experienced by the flow out of the
orifice. The flow out of the orifice is the dispersed phase, which feels the drag force exerted by the

continuous phase.

As the dispersed phase is extruded through the orifice, it begins to feel the shear force
exerted by the continuous phase. As the drop increases in size, the surface area that feels the force
of the continuous phase increases, while the area that connects the drop to the flow out of the
orifice remains constant. When the force exerted by the continuous phase overcomes the interfacial
tension force connecting the drop to the orifice, the drop is detached and a new drop begins to form
through the orifice. By adjusting the interfacial tension and the drag force, droplets of a
monodisperse, precise size may be formed. The drops of dispersed phase that are formed are still
liquid, and must be afterwards finished via processing units downstream. This technique allows for a
wide array of pharmaceuticals to be used, by simply changing the choice of solvents for the
continuous and dispersed phases. The relationship between the two phases must be such that the
dispersed phase is denser than the continuous phase, as is standard with emulsions, and the target

drug must be insoluble in the continuous phase, to prevent leaching.l

Haloperidol-Specific Reagent Specifications for XME Process

For the model drug haloperidol used in this paper, the continuous phase is water saturated with
dichloromethane (DCM), with additional components of poly-vinyl alcohol (PVA) to aid in the
prevention of aggregation of microparticles downstream. The dispersed phase, on the other hand,
consists of DCM, in which is dissolved PGLA and the target drug. The PLGA and haloperidol are
the components that the finished microparticles will consist of, while DCM is a solvent that is
removed from the microparticles through downstream processing. The primary goal of the
downstream processing is to remove excess reagents from the product, namely the PVA and DCM,

harden the microparticles, and prepare them for packaging. The PLGA, drug, and DCM are
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relatively insoluble in water, allowing the dispersed phase to co-exist in a separate phase within the
continuous stream. The saturation of the continuous phase with DCM is an additional preventative

measure to prohibit the solubilization of the dispersed phase into the continuous phase.'
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2.6 Haloperidol as a Model Drug: Properties, Indications, Dosing
Issues, Extended Release Formulation, and Optimal Dosing

Analysis

Discovery and Pertinent Chenzical Properties

Haloperidol is a first-generation typical antipsychotic that was first discovered on February 11, 1958
I the Janssen Laboratories, in Belgium. Its chemical designation is 4-[4-(p-chlorophenyl)-4-
hydroxypiperidino|-4’-fluorobutyrophenon, and is the first of the butyrophenone series of major
antipsychotics. Halopetidol is hydrophobic, with solubility in water of approximately .01 mg/L;
however, it is very soluble in most organic solvents. Haloperidol has a molecular weight of 375.87

g/mol, and is therefore considered a small molecule drug.”

N
0] Cl
OH

Figure 2.4. Structural Formula of Haloperidol.?

Indications

The precise mechanism of action is not currently known, but it is believed to block the effects of
dopamine and increases its turnover rate. Haloperidol is contraindicated in depression and
Parkinson disease, and can cause severe reactions in certain people, who must be switched to an
alternative treatment regimen. Haloperidol is classed as a typical antipsychotic, indicated for
schizophrenia and Tourette’s Disorder. The drug is also indicated for the treatment of a variety of
symptoms, including verbal and motor tics, and severe behavioural problems, which may or may not

be symptoms of known psychotic disorders.’
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Dosing Issues and Consequent Side Effects

Haloperidol is available in the following forms, listed below. The tablets, oral concentrate, and
injection are all daily dose formulations, while the haloperidol decanote is an extended release

formulation of the same drug, which will be discussed later in this section.

Available Dose Form Available Dosages

Tablets 0.5,1,2,5,10,20 mg
Oral Concentrate 2 mg/mL
Injection 5 mg/mL
Haldol decanoate (XR* Injection) 50, 100 mg/mL

*XR: Extended Release

Figure 2.5. Currently Available Forms of Haloperidol.!0 The tablets, oral concentrate, and injection forms of
haloperidol are all once-daily doses, while the Haldol decanoate (haloperidol decanoate) injection is a once-
monthly dose. The wide range of doses for the tablets is available based on a patient’s ability to tolerate large
doses of haloperidol at once, provided they cannot tolerate large doses at once, the smaller doses are taken
throughout the day. This same flexibility can be seen in the dose range of Haldol decanoate.

Haloperidol is commonly used in acute situations as an intravenous injection, although it is
not approved for that delivery method. The time to peak concentration for the oral formulation is
approximately 2-6 hours, with a half-life of 21 hours. Daily dosing varies from patient to patient,
but most commonly is within the window of 10-20 mg per day in the oral tablet formulation.
Dosing in the upper end of that range usually necessitates twice daily dosing, as the side effects of
haloperidol overdosing are very severe. Main side effects include cardiovascular effects, tardive
dyskinesia, neuroleptic malignant syndrome (NMS), and reduced fertility. Haloperidol should be
used with caution in pregnant or soon to be pregnant women, elderly patients, patients suffering
from Parkinson’s disease, patients with severe cardiovascular disorders or allergies, and patients

. . . . . 1
taking anticonvulsant medications or anticoagulants.” '’
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Optimal Dosing Analysis

Since the side effects of the drug are potentially severe, there have been several studies that explored
potential methods to reduce side effects. In several studies, the suggested rationale for side effects in
haloperidol stemmed primarily from an inability to maintain an optimal therapeutic concentration,
due to the bursts associated with both traditional oral forms of haloperidol and intramuscular

injections. The effective, safe range of haloperidol concentration in blood serum is reported as both
5.6-16.9 pg/L and 9.2-14.1 pg/L, though most soutces agree that the optimal concentration of 10
pg/L. Assuming that there is zero release, and accounting for metabolism and bioavailability, the

haloperidol dose/day that results in the optimal blood serum concentration of 10 pg/L is 15

mg/day. This data, when compared with the normal dosing range of 10-20 mg/day, is well within

range, and is heretofore considered to be the daily dose requirement for a schizophrenia patient.'""
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Figure 2.6. Blood Serum Concentration of Haloperidol as a Function of Dose.!? The above graph correlates a
daily dose of haloperidol with the total serum haloperidol achieved. The optimal blood serum concentration

of 10 pg/L leads to an estimated optimal dose of 15 mg/day.
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An Extended Release Formulation: Haloperidol Decanoate

In addition to the oral formulation of haloperidol, an esterified version called haloperidol decanoate
is available, which is a depot (injectable) extended release formulation for intramuscular injection.

The structural formula is shown below, with the attached ester highlighted in blue."

Figure 2.7. Structural Formula of Haloperidol Decanoate.!4

Pharmacokinetics and Dosing Issues

The addition of the ester makes the compound highly oil-soluble, but sparingly soluble in aqueous
solutions, like blood. The drug is injected into a large muscle, where it stays in an isolated cache,
slowly dissolving out into the blood stream. Once the drug ester reaches the blood stream, it is
rapidly hydrolyzed by endogenous esterase enzymes in the body, producing the parent drug
haloperidol. There are a variety of issues that stem from these pharmacokinetics that contribute to
the imperfect nature of haloperidol decanoate’s release profile. First, is that the drug release over
time is a function of diffusion of the drug through the muscle into the vein, which in turn is
dependent on the distance of the drug cache to the nearest vein. Achieving unity in this metric is
nearly impossible, considering the idiosyncratic anatomical makeup of a patient. Secondly, the
release is also dependent on the level of activity in each individual patient. Increased physical activity

hastens the diffusion of drug outwards, thereby increasing the amount of drug released."”
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Figure 2.8. Plasma concentration over time for haloperidol decanoate. The x-axis represents time, over a time
scale of 28 days.!¢ Each patient group was randomly selected and there were no groups that exhibited any
particular concentrations of patient type. Each data set (denoted by a connected set of points) denotes the
average blood plasma concentration of haloperidol for a group of six patients. First, the two data sets marked
‘a’ are considered. Each of these distinct sets of patients received a 30 mg dose of haloperidol decanoate and
were monitored over the same period of time. However, even though all aspects of administration were
controlled for, the haloperidol plasma concentrations of each are drastically different. The same phenomenon
is apparent for the data sets marked ‘b’, who received 80 mg doses of haloperidol. The conclusion drawn
from these data is the lack of predictability, control, and consistency in drug release over time for the
haloperidol decanoate product.

The graph above shows blood plasma haloperidol measurements versus time in days after
the eighth injection of depot haloperidol decanoate. According to prescribing information associated
with haloperidol decanoate, reaching a dosing steady-state can take up to eight months. At this
snapshot in time, all patients shown have completed eight months of therapy. Each individual data
set, denoted by a single connected line, is a subgroup containing six individuals. The most notable
points of these graphs come when observing the differences between subgroups taking the same
monthly dose — here the 30 mg (a) and 80 mg (b) groups. The variability in dose responsiveness is
markedly apparent. This variability is further informed by the realization that these doses are all the
low end of the scale, recalling that the calculated optimal dose per month of haloperidol is 450 mg.
The variability that might be present in larger doses would theoretically be even larger, calling into

question the clinical safety and efficacy of such a drug.'

Available Dosages and Associated Treatment Regimen

The molecular weight of this esterified formulation is 530.13 g/mol, considerably higher than daily

dose formulation. Haloperidol decanoate is delivered in a sesame oil vehicle, with 1.3% benzyl
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alcohol included as a preservative. Doses come in 50 and 100 mg/mL concentrations of haloperidol,
which due to the increase in molecular weight, are present as 70.5 and 141 mg/mL of haloperidol
decanoate. Haloperidol decanoate is injected intramuscularly every 3-4 weeks, and must be
administered by a healthcare professional. The time frame of 3-4 weeks is due to the variability in
release of the drug, and the precise dosing regimen must be determined on an individual basis.
Haloperidol decanoate reaches a peak at approximately six days, and has a half-life of approximately
three weeks. Generally, steady state blood serum levels are not obtained until the third or fourth
dose, which implies 3-4 months of suboptimal treatment conditions. This variability also makes this
injectable fairly unreliable for patients that require stricter dose management, such as the elderly
patient population. In a recent clinical study in elderly schizophrenia populations, the risk of death

was increased from 2.6% to 4.5%.' '8

While this formulation was a breakthrough at the time, allowing for improved patient
compliance in addition to the convenience of the dosing schedule, it also re-emphasized the
necessity of a controlled release formulation that would not only extend release, but also have a
zero-order release profile that would guarantee a blood serum concentration within the optimal

range.

Use as a model drug

There are several advantages to using haloperidol as a model drug in this process. First, from a
process perspective, its insolubility in water and high solubility in organic solvents make the choices
of continuous phase and dispersed phase solvents more simple, as there is already a considerable
body of work discussing the dynamics of water-dichloromethane systems. Secondly, as a small
molecule, it is compatible with PLGA spheres and is relatively easy to work with in solution, unlike
proteins, which are considerably bulkier and require stricter temperature control, which would
simply add additional process units to control and monitor temperature. Haloperidol is a relatively
small market, with approximately 44 million USD" in annual sales, and is a drug that would clearly
benefit from the zero-order release control that is facilitated by the XME technology explored here.

Additional exploration of the haloperidol market is available in Sections 5.2-5.4. While the
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quantitative results of this paper are geared towards haloperidol encapsulation, tailoring the process
to an alternate drug would simply require repeating the delineated steps, changing the desired
optimal concentration and encapsulated dose, and adjusting the solvents to suit the solubility of the

target drug in various solvents.
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2.7 Preliminary Process Diagram

The overall scheme of the XME production of haloperidol encapsulated PLGA microparticles is
presented in Figure 1.9. The continuous phase and the dispersed phase enter the XME channels,
where the dispersed phase will be emulsified to form liquid microspheres. Two different sections of
XME channels are in use to produce different sizes of microspheres. These different sizes will be
combined in precise quantities during the packaging step in accordance with a calculated ratio that
will give a zero-order release profile. Seventy percent of the continuous phase is diverted into the
DCM waste management block in order to decrease the working volume of the particles and to

make room for the addition of water during downstream processing.

The downstream processing step removes the DCM that the haloperidol and PLGA are
dissolved and hardens the particles, preparing them for the packaging step. The waste from
downstream processing is diverted into the DCM waste management block. This function of this

block is to dispose of the DCM used in the process in accordance to environmental guidelines.

The packaging step will combine the finished particles with a quantity of dried PBS media in
a single month-long dose ampoule. The ampoules will then be distributed to primary and secondary

care facilities for resuspension in deionized water just prior to administration.

This chapter served to introduce the concepts of theoretical bulk degradation and size as the
arbiter of drug release, cross-flow membrane emulsification, and the specifications for the model
drug haloperidol. In Chapter 2, the quantitative modeling and subsequent specifications of the XME
channels will be discussed. These specifications will then be translated into a scale-rendering of the
channel and discuss the build material specifications in Chapter 3. Chapter 4 discusses the process
units and the timing of the process. The market analysis, economic implications, and profitability
assessment of the controlled release product and the XME platform are discussed in Chapter 5.

Finally, Chapter 6 presents conclusions and recommendations for moving forward with the project.
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Chapter 3: Depo-Haloperidol Product Design

3.0 Chapter Introduction

The design and manufacture of a timed-release haloperidol-loaded microsphere incorporates
elements of both product design and process design. Chapter 3 covers the product design elements
of the report, by detailing the characteristics of the polymer microspheres and how these properties
meet the important customer requirements. We begin by describing a mathematical model to predict
the drug release kinetics from microparticles of certain specifications. Then, the model is applied to
several test cases and a collection of candidate product specifications is compiled. Finally, we study

the pharmacokinetic effects of drug release and buildup inside a patient’s body.

There are three essential customer requirements that the poly(lactic-co-glycolic acid) (PLGA)
spheres must be able to satisfy. First, the product cannot have a very large “burst” of drug at the
start of the release process. Large initial spikes in drug concentration can result in a dangerous
overdose, and must be avoided. Second, the product must exhibit a neatly constant release rate (also
called “zero-order” release) for approximately one month following injection. The target lifespan of
this product is a full month, in order to achieve a strong advantage over the current anti-psychotic
market. Third, the drug release rate should slowly taper down during the final few days of the
microspheres’ month-long lifetime. A gradual reduction in blood serum concentration near the end
of a dosing period is logistically important, since it gives a patient a broader window during which
the subsequent dose can be administered. If drug release halts abruptly after thirty days, the patient
would receive an overdose if the next injection were given too eatly, and would suffer from a
complete lack of medication if the next injection were given too late. A gradual reduction means that
the patient can tolerate a fresh injection treatment during any of several days at the end of the dosing

period.

In order to achieve these three design goals, we manipulate three characteristics of the

PLGA microsphere product. First, we control particle size. Smaller spheres release their contents
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more quickly, have larger initial bursts, and also show decelerating “concave down” release kinetics
as described in Chapter 2. Larger particles have longer lifetimes, smaller initial bursts, and
accelerating sigmoidal release kinetics. By varying particle size, we have some control over the
release profile. Second, we can vary the PLGA chain molecular weight. The molecular weight of the
polymer affects the ability of small-molecule drugs like haloperidol to diffuse through the polymer
matrix. High-molecular weight PLGA shows slower release kinetics than low-molecular weight
PLGA. Third, we can choose to assemble a single size of polymer microsphere or combine multiple
sizes in a heterogeneous mixture. As we will demonstrate, mixtures of particles generally show

smaller initial bursts and longer overall lifetimes.
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3.1 Modeling Drug Release

Our central product design goal is to engineer a poly(lactic-co-glycolic acid) (PLGA) sphere loaded
with haloperidol, which will release its contents after introduction into a patient’s body according to
three design specifications: no initial burst, constant release over one month, and a gradual reduction
in drug release after one month. It has been shown that sphere diameterEIand average initial polymer
chain molecular WeightEIof a PLGA sphere control the kinetics by which the drug payload is
released. The mechanism of release from a degrading PLGA sphere is governed by diffusion of a
small-molecule drug through the surrounding polymer matrixand diffusion occurs more quickly
through a matrix composed of short polymer chains. The aqueous environment inside a patient’s
body will gradually hydrolyze the bulk polymer into smaller chain 1engthsE| and as a result drug
release accelerates over time provided that the PLGA sphere is not so small that all drug content is
depleted before much hydrolysis occurs. Based on this physical mechanism, tuning particle size and

initial chain molecular weight gives a high degree of control over the kinetics of drug release.
3.1.1 Choice of a Model

The first step in the product design analysis is to develop a workable mathematical model for drug
discharge. Published experimental data covers the drug release of only a few select particle sizes; yet
we must be able to predict the release profiles of any particle size within the micro-scale range in
otder to optimize the size selection. There are three essential criteria in a choice of a mathematical
model. First, the model must be based on molecular diffusion and incorporate time-dependent
diffusivity. Research strongly indicates that this is the appropriate physical mechanism for the release
process|”’[Second, the model must have a minimum number of undetermined input parameters.
Models with a large number of input constants generally become prohibitively difficult to work with,
especially since report is mostly theoretical and we lack the means to gather much experimental data
about the polymer system. We seek to develop a model that will simply take sphere diameter and
initial chain molecular weight as inputs and return a release profile. Third, and most importantly, the
model must be able to replicate the qualitative release profile behavior described in Chapter 2. We
require a model that transitions between concave-down and sigmoidal kinetics as a function of

particle size and initial molecular weight.
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The drug release model for a spherically-symmetric system begins with the diffusion

equation in spherical polar coordinates as written below.

% _ %g(ﬁ DW’%J (Equation 3.1)

Equation 2.1 describes the haloperidol concentration profile inside a polymer sphere as a
function of radial coordinate rand time # Here C'is the local haloperidol concentration and D is the
time-dependent mass diffusivity of haloperidol through the polymer matrix. There are three
associated initial and boundary conditions. The concentration profile must be spatially constant at
time zero, based on uniform drug loading at production. Concentration must go to zero at the
surface of the sphere, since we assume that convection at the interface between the solid sphere and
the liquid surrounding medium is high and therefore the haloperidol concentration at the sphere
boundary is extremely small. Finally, the spatial derivative of the concentration profile must go to

zero at the sphere’s center to ensure differentiability and radial symmetry.

A viable model for time-dependent diffusivity must be supplied to Equation 3.1. The
mathematical model developed by Raman, Berkland, Kim, and Pack (2004) is chosen for its strong
experimental basis on PLGA systems, and for its simplicity. The Raman et al. model utilizes an
empirical formula relating the diffusivity of small molecules through the polymer matrix with
average polymer chain molecular weight. This empirical formula was found by direct measurement

on PLGA spheres, and should therefore be reliable.

D{MW } = GXp{—O.?) 47 [ln{MW}]3 +10.394 [ln{MW}]Z —~103950In{MW }+3169 5}
(Equation 3.2)
In Equation 3.2, MWV is the average polymer molecular weight in Daltons and D is diffusivity

reported in units of [m®/s]. Raman and colleagues report that average polymer molecular weight

decreases in time with first-order kinetics
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MW {t} =MW, exp{—k t} (Equation 3.3)

MW, is the average polymer molecular weight prior to any hydrolysis (i.e. lasting from
manufacturing through the moment of injection into a patient). Raman and colleagues verified
Equations 3.2 and 3.3 for PLGA chains in the range of 10,000 Da to 70,000 Da, so we confine our
study to this range in order to ensure the model’s applicability. The rate constant £ is reported at
0.07 day ™. Equation 3.3 was found to apply following a short “lag” period in which water saturates
the polymer matrix but no hydrolysis has yet occurred. We have no way to experimentally determine
the lag time of our system, and Raman and colleagues find that minimal error is introduced by
assuming that the lag time is effectively zero. Therefore, this study assumes that Equation 3.3 holds

for all times. This is the complete model we use in our analysis.
3.1.2 Computational Evaluation

Equations 3.2 and 3.3 are substituted into Equation 3.1 and the partial differential equation is
numerically integrated using the MATLAB function pdepe (partial differential equation parabolic-
elliptic). First, we select the value of MV, average initial molecular weight, bounded between 10,000
Da and 70,000 Da. Next, the MATLAB script prompts for two input vectors: one defining the set
of radial coordinates of interest and one defining the set of simulation time-points of interest. The
radial “space” vector ranges from the center of the drug-loaded sphere (r = 0 pm) to the outer edge
(t = R pm). The “time” vector ranges from the start of the drug-release simulation (t = 0 days) to
the end of the simulation, typically 50 days (t = 50 days). The number of elements in each vector
defines the precision of integration. For example, a space vector of 100 elements will evaluate the
drug concentration inside of a sphere at each of those 100 radial coordinates. A time-vector
containing elements [0 1 2 ... 50] will report the concentration profile at each day for 50 days.

Generalized input vectors are shown in Equations 2.4 and 2.5.

space= [O R/(n—1) .. m—2)R/(n—-1) R: (Equation 3.4)

time=[0 1 .. 49 50] (Equation 3.5)

Here, R is the radius of the drug-loaded sphere (chosen between ~1 um to ~100 um), and 7
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is the number of entries in the space-vector. Note that the vector elements in both vectors should be

evenly spaced. The units of these vector elements are understood by MATLAB to be the same as
those inherited from Equations 3.2 and 3.3, which we choose to be umand days. To consider

micrometers and days, Equation 3.2 is converted from [m”/s] to [um®/day], which is done with a

conversion factor 8.64 x 10",

Finally, MATLAB requires specifications for the boundary and initial conditions of the
system. The initial condition sets the time-zero concentration profile at a constant value of 1 at all
radial coordinates inside the sphere. The final output of the MATLAB script is a dimensionless,
fractional release profile that ranges over 0 fractional release to 1 fractional release. Since the output
analysis is a dimensionless release fraction, the magnitude and units of the initial drug loading profile
are irrelevant and we choose a magnitude of 1 so that the output concentration profile will be
normalized to 1. The boundary conditions impose that the derivative of the concentration profile
equals zero at the sphere center (r = 0) to ensure differentiability at the sphere center, and that the
local drug concentration equals zero at the sphere surface (r = R) to represent the low-concentration

medium around the sphere.

Given all input values, MATLAB integrates the diffusion equation and outputs a 51-by-#
matrix of concentration values normalized by the initial concentration value of 1. The 51 rows of the
matrix contain the sphere’s concentration profile, at each of the 51 days of the simulation. The #
columns track the local concentration at each of the # radial test points inside the sphere. It is
informative to plot each row of the output matrix (a “concentration vector”) against the space
vector to see the concentration profile. A time-evolving concentration profile, for a 20 pm radius

sphere with 40,000 Da initial polymer molecular weight, is shown in Figure 3.1.
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Figure 3.1. Time-Evolving Concentration Profile. Internal drug concentration profile as a function of radial
coordinate for a 20 pum radius sphere with 40,000 Da polymer.

Now that the numerical solver has determined the interior concentration profile for a sphere
at each of the 51 simulation-days, the computer can track cumulative drug release over time. In this
spherically symmetric system, at any given time the total drug content is found by integrating the

concentration profile (a single row of the output matrix) over the sphere volume.

Content = _[ CdV =4r ]L Cridr (Equation 3.6)
vV

r=0

17is sphere volume. The program applies this integral to each row-vector of the MATLAB

output matrix. Since each row vector corresponds to the concentration profile at a different time,
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the collection of integrals will give a time-survey of the total drug content. However, the output
concentration profiles are discrete vectors, not continuous functions. So, we approximate the

integral in Equation 3.6 as a trapezoidal Riemann Sum.

—(C.+C rtr, )
Content ~ 472'2( : 5 ”1)( : i*lJ Ar (Equation 3.7)
i=1

Here, 7 is the index for each entry of the concentration row vector and # is the number of
entries (the number of radial test-points). We typically consider space-vectors of 100 test-points, so #
= 100. The C, are the concentration values in entry 7 of the concentration vector (a row vector from
the output matrix), and the 7; are the radial values in entry 7 of the space vector. Note that the
number of columns in the output concentration matrix will always be equal to the number of entries

in the spatial vector: 7. Aris the step-size between any two entries in the spatial vector. For the

generalized vector in Equation 2.4, Arequals R / (7—1).

The MATLAB script divides the current drug content (Equation 3.7) by the initial drug
content (Equation 3.7, evaluated at time zero) to find the fraction of drug retained in the sphere.
One minus the retained fraction is equal to the released fraction. We then plot this released fraction
for each time-interval evaluated, giving the desired release profile. An example for 30 pm radius

10,000 Da polymer spheres is shown below in Figure 3.2.
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Figure 3.2. Sample Cumulative Release Profile. Cumulative fraction of drug released from a 30 pm radius
sphere with 10,000 Da polymer. All drug has been discharged when the release fraction equals 1.

One final complication is the need to model a mixture of two particle sizes. An
experimentally verified method to produce a zero-order release profile is to mix small and large
PLGA particlesEIThe program calculates a mixture by executing the same procedure twice, over the
same time-span: once for a small sphere and once for a large sphere. Integration of the two outputs
gives a drug content for the small particle and for the large particle at each time point evaluated. We
account for unequal mixing by multiplying the small particle drug contents by the mass ratio of small
spheres to large spheres. The two drug content arrays are added together to give the cumulative

retained fraction of drug.
The full MATLAB script is provided in Appendix B.
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3.2 Selecting a Particle Size Distribution

In the previous section, we selected the literature Raman et al. modelEI for drug release from PLGA
spheres and developed a computer program to run the model and formulate a cumulative drug
release profile. The next step in the product design is to use this model to identify a PLGA sphere
size or a distribution of sizes that will discharge their contents with approximately zero-order
kinetics. We investigate two options: a single particle size, and mixing of two particle sizes. Finally,
we leave open the possibility of using initial polymer molecular weights throughout the range of
10,000 Daltons to 70,000 Daltons in anticipation of process throughput concerns that we discuss

later in this chapter.
3.2.1  Size Distribution Methods: Single Size versus Mixing

An important design consideration is to compare the performance of a single PLGA sphere size
against the performance of a mixture of sizes. By iteratively applying the mathematical model
developed in Chapter 3.1, it is possible to identify the single particle size that generates a release
profile closest to zero-order. Consider the model case of 10,000 Da initial polymer molecular weight.
For this molecular weight selection, zero-order release is most closely reached with 17 um radius
spheres. See Figure 3.3(a) for a copy of the MATLAB release profile report. The intensity of the
initial burst is represented by the slope of a tangent line at the start of the release profile. A high

slope represents a rapid rate of drug release.
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Figure 3.3. Cumulative Release from 10,000 Dalton Polymer Spheres. Cumulative fraction of drug released
from 10,000 Da polymer spheres. (a) pure 17 pum radius PLGA spheres, (b) 16 pum radius and 26 pm radius
spheres in a 5-to-1 volume ratio.

The release profile generated by this single 17 pm particle size is excellent from days 2 to 15,
but there is an unacceptably large burst of drug near the start of release (the slope of the tangent line
is much larger than the slope of the release profile’s mid-section). A rapid initial release like this
could cause an overdose of drug for the patient. For the same 10,000 Da system, a mixture of two
particle sizes could also generate zero-order release but not show such an intense initial burst. A
mixture of 16 um radius and 26 um radius particles in a 5-to-1 mass ratio performs very nicely. This
mixture’s release profile is reported in Figure 3.3(b). Mixing a few larger particles with a majority of
small particles reduces the initial burst (although the burst cannot be completely eliminated). The
consequences of the initial burst are further explored in Chapter 3.3. The inclusion of a few large
particles also slightly increases the duration of the release profile from 15 days to 18 days. A longer
particle lifetime is highly desirable for the product, since it means that a patient will not require
treatment as frequently. This trend holds for all PLGA molecular weights: a mixture of particles
always shows a smaller initial burst and a slightly longer lifetime than a single particle size. Therefore,

we strongly recommend the mixing approach.
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3.2.2  'The Effects of Initial Polymer Chain Molecular Weight

The initial PLGA molecular weight must fall between 10,000 and 70,000 Daltons to remain within
the bounds of Raman and colleagues’ (2005) experiments. The choice of a PLGA molecular weight
is complicated by two competing considerations. The first consideration is that higher molecular
weight polymer chains slow the diffusion of small-molecule drugs, giving the polymer spheres a
longer lifetime in a patient’s body and therefore reducing the frequency of treatment. Long lifetimes
are highly desirable, since the purpose of a timed-release drug delivery system is to maximize the
amount of time between injections for a patient. The second consideration is that lower molecular
weight PLGA spheres show accelerated release kinetics, which effectively makes the transition
between concave-up and sigmoidal release profiles occur at larger particle size. Using low molecular
weight polymer would enable manufacture of larger PLGA spheres while still meeting the
requirement of zero-order release. As we discuss in depth later, larger particles are easier to produce
by the cross-flow membrane emulsification process than small particles. Process throughput vastly

improves by using low molecular weight polymer and larger particles.

Optimization analysis considers a selection of PLGA molecular weights in the range 10,000
Da to 70,000 Da and compares the tradeoff between particle lifetime and throughput feasibility.
Table 3.1 reports the PLGA sphere lifetime and the mixture of sphere sizes necessary for zero-order
release for a selection of polymer molecular weights. Process throughputs for each option will be

discussed later in this chapter.
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PLGA Molecular Weight Small Particle (diam) Large Particle (diam) Release Profile Lifetime
10,000 Da 32 um 52 pm 18 days
20,000 Da 26 pm 40 um 26 days
30,000 Da 24 um 36 pm 31 days
40,000 Da 20 pm 36 pm 36 days
50,000 Da 16 pm 30 pm 39 days
60,000 Da 14 pm 30 pm 40 days
70,000 Da 14 pm 28 um 41 days

Table 3.1. Molecular Weight and Particle Size Requirements. Particle diameter requirements for zero-order
release (volume ratio of 5-parts small particles to 1-part large particles), and the lifetime of the mixture’s
release profile for a selection of molecular weight options.

An important note is that increasing the particle lifetime does not change the total
production requirement of PLGA spheres to meet the goal of 500,000 month-long patient doses per
year. The daily haloperidol requirement for a patient is 15 mg/ day[lwhich is independent of the
dosing frequency. Using timed-release spheres with a very long lifetime will decrease the dosing
frequency, but because total drug content per year remains constant the mass of drug (and therefore
the mass of polymer spheres) injected at each treatment interval will increase by the same
proportion. There is no production advantage for long release lifetimes, but there is significantly

improved patient convenience.

In the next section of Chapter 3, we will analyze in detail how the kinetics of drug release
affect the drug content inside a patient’s body over the course of a month’s treatment. In order to
facilitate this analysis, it is convenient to fully specify the PLGA sphere product under consideration.
As we discuss in Chapter 4, the optimal selection from the options in Table 3.1 is the 40,000 Dalton
molecular weight sphere, with 20 um and 36 pm diameter particles in a 5-to-1 mass ratio. This
choice arises from a balance of customer demands and technical feasibility. Therefore, the entire

discussion of Chapter 3.3 deals with this 40,000 Da system.
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3.3 Characteristics of Release

In the previous section, we determined a set of candidate microsphere sizes and molecular weights
that could satisfy the customer requirements of zero-order release for long time spans. We then
skipped to the conclusion of Chapter 4 and identified the 40,000 Da polymer system as our optimal
product specification. Although this chosen molecular weight and size distribution offers good zero-
order release over a 36-day period, we analyze the release profile to gain insight into the initial burst
phase and the final declining phase. So, Chapter 3 concludes with a deeper pharmacokinetic analysis
of drug release from the mixture of 20 um and 36 pm diameter 40,000 Da polymer spheres. For

future reference, the fractional release profile of this system is shown in Figure 3.4 below.

1.2
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Figure 3.4. Schematic of Parabolic Flow Profile. Cumulative fractional release profile from a 5-to-1 mixture
by mass of 20 pm and 36 pm diameter 40,000 Da polymer spheres.
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3.3.1 Release and Blood Serum Concentration

The central deliverable feature of the timed-release product is the ability to maintain consistent
blood serum concentration throughout the lifetime of the polymer particle. In the previous section,
we developed the drug release profile from a 40,000 Dalton molecular weight product. The next step
in the product design analysis is to extract information about blood serum concentration from the
release profile. For this analysis, we assume a simplified model of the human body as a continuously

stirred tank reactor (CSTR), with instantaneous and perfect mixing of haloperidol.

Before we begin, note that this pharmacokinetic model is not robust enough to
quantitatively predict the blood serum concentration over time. A CSTR model fails to account for
drug entrainment in various organs, passage across tissues, and many other biological subtleties. We

instead use the model to predict the relative changes in blood serum concentration over time.

Analysis begins by developing a mass balance on haloperidol inside the body. Haloperidol is
released from the PLGA microsphere product at a rate equal to the time derivative of the release
profile (Figure 3.4) multiplied by the initial drug loading mass. We assume an initial drug loading
value of 450 mg for the one-month dose, based on the common clinical oral dose of haloperidol of
15 mg/ day[ILet the rate of haloperidol influx be F(#), with units of [mg/day] The rate of haloperidol
release from the PLFA spheres is shown below in Figure 3.5.
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Figure 3.5. Rate of Drug Release from 40,000 Da PLGA Microspheres Over Time. The rate of drug
release from the 40,000 Da PLGA system as a function of time. This profile represents the “influx” of drug
to the human body.

Haloperidol has a concentration half-life in the human body of 21 hours (0.875 days)EIThe
body’s metabolic processes carry out this drug breakdown and we assume first-order decay kinetics.
Therefore, the rate of haloperidol elimination from the body is given by Z() = — £ I C, where £ is
a rate constant, [is the body’s liquid volume (roughly 50 L for an average adult), and C'is the
instantaneous concentration of drug. The rate constant £ can be calculated from a first-order decay

function with a half-life of 0.875 days. C,is initial concentration and #is time in days.

C
C=C, exp[—k t] = ln[gj =—kt (Equation 3.8)

1
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A half-life of 0.875 days gives a rate constant & = 0.792 days™. The rate of accumulation

equals the rate at which material enters minus the rate at which material leaves.

% =F({)—kV(2) (Equation 3.9)

Recall =50 L, and F(J) is found by differentiating the data in Figure 3.5, multiplied by the
initial drug loading of 450 mg. We developed a short script on MATLAB to numerically integrate
the concentration profile over a 40-day window. The script is given in Appendix B. The resulting

concentration profile for our 40,000 Da microsphere system is shown below in Figure 3.6.
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Figure 3.6. Blood Serum Concentration Over Time for 40,000 Da PLGA Microspheres. Blood serum
concentration resulting from 40,000 Da polymer spheres, assuming a CSTR model for the human body.
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The serum concentration profile can be divided into three phases: an initial burst phase

lasting from days 0 to 3, a main phase from days 3 to 30, and a declining phase from days 30 to 36.

The main phase, which occupies the central time span of the release process, is characterized
by a nearly constant serum concentration to within +10% of an average value. This £10% variation
is acceptable, given that the therapeutic range for haloperidol blood serum concentration is 5 pg/L
to 17 pg/ La window of over £50% variation from the average value. Unfortunately, due to the
shortcomings of the CSTR model for human physiology, the model dramatically overestimates the
blood serum concentration for this system. The recommended therapeutic concentration of
haloperidol in the blood serum is 10 pg/L (which can be achieved using a 15 mg/day oral dose)

However, the model predicts a main phase serum concentration of 300 pg/L, 30 times too large. A
discrepancy of this size cannot simply be attributed to an overestimation of the initial drug loading,
since we used a loading mass based on accepted oral dosing, and our intramuscular product should
not deviate from the oral requirement by over an order of magnitude. As we mentioned at the
beginning of the chapter, large quantitative errors are expected given that the human body is far
more complicated than a CSTR. Still, we expect that the qualitative predictions of the serum level
profile are useful. The stable concentration value throughout the main phase supports the product

specification of constant treatment over a long period.

The burst phase occupies the large concentration spike near the start of release. Despite our
efforts to reduce the initial burst by mixing particle sizes, the observed spike in blood concentration
is unacceptably large: about twice the background main phase value. The therapeutic upper limit on
haloperidol serum concentration is 17 pg/L, 70% above the optimal concentrationAn elevation of
100% seen in this burst phase is too high, and could cause a patient overdose. We address this
problem by treating the product spheres in the production facility before shipment. In essence, we
allow the first half-day of the release profile to happen in the production plant rather than in a
patient’s body. 6% of the total drug loading is then lost from the particles prior to shipment, but as
we show later the elimination of the first half-day of the release profile reduces the burst intensity to

just 20% higher serum concentration than the average value during the main phase of release.
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The declining phase spans the final 6 days of release and shows gradually declining drug
concentration. This gradual reduction is a highly attractive feature of the timed-release product.
Patients can receive the next injection any time during the declining phase, since the body’s drug
content is not so high to risk an overdose with the next treatment, and also not so low that the

patient is completely off medication until the very end of the 6-day declining phase.

3.3.2 Elimination of the First Half-Day of Release

Mixing small and large particles in the final product has already significantly reduced the
magnitude of the burst phase. However, the reduced burst is still far too severe and effectively
reaches a blood serum concentration of double the target value. A simple treatment of the PLGA
spheres in-house largely eliminates the burst phase. As discussed in Chapter 6, the particles are
treated after hardening so that the first 12 hours of the release profile occur in a tank in the
processing facility. 6% of the total drug content, corresponding to the most intense part of the burst
phase, is released and the product administered to a patient effectively begins its release profile at # =
0.5 days. It is illustrative to consider the release rate for an untreated product and a treated product

side-by-side, as shown in Figure 3.7. The initial spike is much smaller for the treated sample.
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Figure 3.7. Treated versus Untreated Drug Release Profiles from 40,000 Da PLGA Microspheres. Drug
release rate profiles for (a) untreated 40,000 Da PLGA spheres and (b) 40,000 Da PLGA spheres treated to
allow the first 12 hours of release to occur in the processing plant. The initial drug release rate is reduced
from 55 mg/day to 30 mg/day.

49



Following the mass balance procedure described earlier, the release rate profile for the
treated 40,000 Da product in Figure 3.7b can be converted to a qualitative blood serum

concentration report. The results are shown in Figure 3.8 below.
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Figure 3.8. Blood Serum Concentration Over Time for Treated Microspheres. Blood serum concentration
resulting from treated 40,000 Da polymer spheres, assuming a CSTR model for the human body. Elimination
of the first 12 hours of the release profile reduces the magnitude of the initial burst to a peak serum
concentration 35% higher than the average main phase concentration.

As shown in Figure 3.8, eliminating the first 12 hours of the release profile significantly
reduces the initial burst. The peak serum concentration during the burst phase is now 40% higher
than the average main phase concentration, while the peak concentration was 100% higher in the
absence of treatment during processing. A burst of +35% above the target serum concentration is

acceptable for a short time, as the allowable therapeutic window for haloperidol serum
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concentration extends to +70% of the ideal value of 10 pg/ LWith this final product design, all
customer requirements are fulfilled. We have developed a product capable of maintaining nearly
constant drug levels in the body for one month, we have minimized the chance of an overdose by
reducing the initial burst phase, and we have maintained a gradual taper-down of the drug
concentration during the last 6 days of the particle lifetime to best accommodate the timing for

subsequent injections.

51



3.4

Chapter 3 References

Berkland, C.; King, M.; Cox, A.; Kim, K.; Pack, D. W. Journal of Controlled Release 2002, 82,
(1), 137-147.

Raman, C.; Berkland, C.; Kim, K.; Pack, D. W. Journal of Controlled Release 2005, 103, (1), 149-
158.

Budhian, A.; Siegel, S. J.; Winey, K. L. Journal of Microencapsulation 2005, 22, (7), 773-785.
Budhian, A.; Siegel, S. J.; Winey, K. 1. International Journal of Pharmacentics 2008, 346, 151-159.
Lao, L. L.; Peppas, N. A.; Boey, F. Y. C.; Venkatraman, S. International Journal of Pharmacentics
2011, 418, (1), 28-41.

Berkland, C.; King, M.; Cox, A.; Kim, K.; Pack, D. W. Journal of Controlled Release 2002, 82,
(1), 137-147.

Rowell, F. J.; Hui, S. M.; Fairbairn, A. F.; Eccleston, D. British Journal of Clinical Pharmacology
1981, 11, (4), 377-382.

Granger, B.; Albu, S. Ann Clin Psychiatry 2005, 17, (3), 137-140.

Ulrich, S.; Neuhof, S.; Braun, V.; Meyer, F. P. Pharmacopsychiatry 1998, 32, (5), 163-169.

52



Chapter 4: Optimization of Cross-Flow Membrane

Emulsification

4.0 Chapter Introduction

With the product specifications completed in Chapter 3, we can now move on to the central process
by which the poly(lactic-co-glycolic acid) (PLGA) polymer microspheres will be assembled. The
technique we analyze is called “cross-flow membrane emulsification” (XME), and involves the
formation of emulsified organic phase droplets in an aqueous medium. The process has been
qualitatively described in Chapter 2, and the bulk of Chapter 4 will involve development of the
necessary operating parameters for the assembly of the microparticle molecular weight and size

options in Table 3.1.

As these necessary operating parameters are explored, we will begin to balance the
competing demands of customer satisfaction and technical feasibility. Maximizing customer
convenience tends to favor the high-molecular weight selections from Table 3.1, as these PLGA
spheres have the longest effective lifetimes and therefore minimize the dosing frequency. However,
we find that technical feasibility favors low-molecular weight alternatives. High molecular weight
spheres with zero-order release also have small diameters, and harsh operating conditions (i.e. high
flow rate of the aqueous “continuous phase”) are required to achieve emulsion of very small
droplets. Beyond a certain continuous phase flow velocity, the flow ceases to be laminar and the
process breaks down. As we show during the course of the chapter, the optimal product selection is
found by increasing polymer chain molecular weight (and therefore increasing customer
convenience) until the process approaches the laminar/turbulent transition threshold at a Reynolds

number of about 2000. This optimization specifies the product at 40,000 Dalton PLGA, with sphere

diameters of 20 pm and 36 pm in a 5-to-1 mass ratio.
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4.1 The Emulsification Model

Table 3.1 summarizes all possible choices for the product PLGA sphere sizes and polymer
molecular weights. With these candidate product-specifications defined, Chapter 4 transitions to
process-design and we begin application of the cross-flow membrane emulsification technique.
Recall the qualitative picture of cross-flow membrane emulsification (XME) given in Chapter 2.
Three papers, by Meyer (2010)[Iby Meyer and Crocker (2009)E|and by Meyer, Rogers, McClendon,
and Crocker (ZOlO)EIdevelop a powerful mathematical model to predict the size of emulsified
droplets when exposed to cross-flow by an immiscible liquid phase. This section consists of an

overview of the emulsification model.
4.1.1 The Dispersed Phase Liquid

Product polymer spheres are formed from a liquid material called the dispersed phase (DP),
consisting of PLGA and haloperidol dissolved in a dichloromethane (DCM) solvent. The dispersed
phase flows out of micro-scale circular orifices into high-velocity cross-flow of an immiscible liquid
called the continuous phase. Surface tension pulls the slow-flowing dispersed phase into a bubble,
temporarily attached to the formation pore, which undergoes shear stress exerted by the continuous
phase. When the dispersed phase bubble grows large enough, shear force tears the DP droplet away

from its pore source, generating an emulsified droplet.

We define the size of the dispersed phase droplet as the “wet diameter” or D,,.. Over the
course of downstream processing, the dichloromethane solvent evaporates away, leaving behind a
hard, dry sphere composed of 90 volume percent polymer and 10 volume percent haloperidol. We
define the size of this dry sphere as the “dry diameter” or D,,. The wet and dry diameters are related

by the volume fraction of solid materials — PLGA and haloperidol — in the dispersed phase.

3
D
(ﬁ] = dispersed phase solids fraction (Equation 4.1)

wet
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It is possible to control the composition of the dispersed phase by adding more or less
polymer and haloperidol to the dichloromethane solvent, as long as PLGA and haloperidol remain
in a 90% to 10% volume ratio. Meyer et al (2010) collect experimental at a maximum concentration
of 10% solids by weight (close to 10% solids by volume), and indicate that very high polymer
concentrations can be associated with increasingly non-Newtonian behavior. At the same time,
process throughput is maximized with high solids concentrations. To ensure the applicability of the
emulsification model but also ensure high throughput, we set the dispersed phase solids fraction at

10% by volume.

The densities of the dispersed phase components are: DCM = 1.33 g/mL, PLGA = 1.22
g/ mLEIand haloperidol = 1.30 g/ rnLThis information allows for the conversion of the solids
volume fraction to a solids weight fraction. At 10% solid materials by volume (1% haloperidol by
volume and 9% PLGA by volume, or 0.985% haloperidol by weight and 8.319% PLGA by weight),
the dispersed phase density is 1.32 g/mlL.

The addition of polymer to the dispersed phase causes the viscosity of the solution to
increase. Viscosity varies with polymer concentration according to the well-established Huggins
EquationEIWe make the assumption that the small amount of haloperidol in solution does not

significantly affect viscosity.

% =[n]+k, [77]2 c (Equation 4.2)

Here, 7, is the dimensionless specific viscosity of the solution (defined below). [77] is
intrinsic viscosity, an empirical constant for a given solvent-polymer system with units of dL./g. For
dichloromethane and poly(lactic-co-glycolic acid), [77] = 0.38 dL./ /éH is a dimensionless empirical
constant. For dichloromethane and poly(lactic-co-glycolic acid), &, = O.32E|Finally, ¢is the
concentration of polymer in solution with units of g/dL. The specific viscosity is defined as the

fractional increase in viscosity when polymer is added.

77Sp = nsolution_ nsolvent (Equation 43)

nmlvent
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The viscosity of pure DCM, 7,,.,., is 0.0004 Pa-s. The viscosity of the dispersed phase with
10% solid materials by volume is 0.006 Pa-s.

4.1.2  The Continuous Phase Liquid

Dissolution of a small amount of poly(vinyl alcohol) (PVA) and dichloromethane into water forms
the continuous phase (CP). PVA is an essential component of the XME process because these
polymer chains adsorb onto emulsified dispersed phase droplets, acting as a surfactant to prevent
coalescence downstream. The continuous phase is saturated at 13 grams DCM per liter of water to
prevent DCM from the dispersed phase from bleeding out into the continuous phase during
emulsification. This loss of DCM by the dispersed phase would cause emulsified droplets to have a
higher concentration of PLGA and haloperidol than the dispersed phase feedstock, and it would be
difficult to predict the dry particle size with Equation 4.1. Addition of polymer increases the
viscosity of the continuous phase. This study uses the same continuous phase formulation as Meyer
and colleagues (2009 and 2010): 1% PVA by weight in water and DCM for a viscosity of 0.0014 Pa-
s. The density of PVA is approximately 1.27 g/ mL[IThe density of DCM is 1.33 g/ml, so the

density of the continuous phase is 1.007 g/mlL, very close to that of pure water.

Meyer et al. (2010) demonstrate that the interfacial tension y between the continuous phase
and the dispersed phase varies as a function of the frequency of droplet formation{’|However, they
find that minimal error in droplet size calculations is incurred by assuming that interfacial tension is
constant. We use an expetimental average interfacial tension for the system y= 8 mN/m. Note that
the performance of the polymer sphere product is a very sensitive function of particle size, and it is
possible that small errors in the assumed interfacial tension will significantly atfect the wet droplet
diameter. If so, an advantage of the XME process is that the continuous phase flow rate can always
be fine-tuned to compensate for inaccuracies in our assumption of ¥ = 8 mN/m. During small-scale
testing and plant startup, operators would check to ensure that the proper droplet size was being
generated. If any deviation were observed, the CP flow rate would be adjusted accordingly and the

new, corrected CP flow rate would be maintained for the entire process.
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4.1.3 Definitions of Dimensionless Quantities

The wet droplet size is calculated as a function of several dimensionless quantities. These are defined

and explained below.

First, the Weber number is the ratio of inertial effects to surface tension effects in the
dispersed phase. Here, p), is the density of the dispersed phase, 0, is the volumetric flow rate of
the dispersed phase through a single pore, D, is the pore diameter, and yis the interfacial tension for
the chosen dispersed phase and continuous phase. Importantly, the Weber number must remain
below 1.0 in order to maintain control over the process and avoid the production of small “satellite”
droplets. At high Weber number, the dispersed phase flow through a pore is so rapid that the liquid

chaotically “jets” as a high-velocity stream and uniformly sized droplets do not form.

_ Ppr Q;P

We= Equation 4.4
Dy (Equ )

Second, the capillary number is the ratio of drag forces and interfacial tension forces acting
on the forming emulsion droplet. d»/dz is the shear rate of the continuous phase flow through the
channel, evaluated at the channel floor. Shear rate is a function of continuous phase viscosity,
continuous phase flow rate, and channel dimensions. It is evaluated for a given channel geometry

and flow condition using the computation fluid mechanics routine in the COMSOL software

package (discussed in the next section). 77, is the dynamic viscosity of the continuous phase.

Ca=—%%— (Equation 4.5)

Third, the Ohnesorge number is the ratio of viscous and capillary time scales, in this case

considered for the continuous phase. P, is the density of the continuous phase.
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Oh=—"Tlo (Equation 4.6)
P Dy 7

There exist two characteristic Reynolds numbers for this flow geometry. The Reynolds
number is the ratio of inertial forces to viscous forces, considered for the continuous phase. First is
a Reynolds number to characterize bulk flow through the XME channel. Here, # is the superficial
velocity of continuous phase flow through the channel and L is the characteristic length of the
channel. Since the channel will be much wider than it is high, the characteristic length L is equal to
the channel height. The process requires that the channel Reynolds number remains below 2000, to

ensure laminar flow and parallel streamlines.
Re y4pna = (Equation 4.7)

Second is the Reynolds number to characterize continuous phase flow around a forming
spherical droplet. This droplet Reynolds number is only important at the moment of snap-off, so it

is evaluated with a characteristic length equal to the final wet droplet diameter.
Re,,,=——" (Equation 4.8)

The viscosity ratio of the dispersed phase to the continuous phase carries important
information. Both of these viscosities are functions of the respective liquid compositions, as
discussed earlier. Assuming that the dispersed phase is 10% polymer and haloperidol by volume the

viscosity ratio equals 4.3.

2= Tor.

(Equation 4.9)
Nep

Finally, we evaluate the drag coefficient for flow past a sphere.
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(Equation 4.10)

4.1.4 Modeling the Emulsification Process

The wet diameter of an emulsified droplet generated by cross-flow membrane emulsification is given
by the following model equation. The droplet size equation is derived from a force balance on the

forming droplet at the narrow “neck’ just above the poreEI

1/4
D 32
—Dw:’ :O.S(C—d] O Ca™? (Equation 4.11)

4.1.5 Simplification: Limiting Operating Parameters

The process-optimization goal is now is to find the set of operating parameters ¥ (interfacial
tension), 7., (continuous phase viscosity), 17,,, (dispersed phase viscosity), o (continuous phase

density), ppp (dispersed phase density), #, (continuous phase superficial velocity), O, (dispersed
phase flow rate per pore), L (channel height), and D, (pore diameter) that give each of the desired
dry diameters listed in Table 3.1. These 9 parameters are the only ones that we can manipulate
directly. Consulting Equations 4.1 through 4.11, there are many sets of these 9 parameters that can
give a desired dry diameter. The problem simplifies greatly by placing some limits on these

parameters.

Five of the operating parameters are fixed by choices and assumptions we’ve already made.
We assume that interfacial tension is a constant for the mostly water and dichloromethane system,
given by Meyer et al (2010) as 8.0 mN/m. This study considers a solution of 1.00 weight percent
PVA and 1.27 weight percent DCM in water for the continuous phase, so 77, = 0.0014 Pa-s and p,,
= 1.007 g/mlL.. Next, using highly concentrated dispersed phase maximizes process throughput. The
generation rate of polymer spheres is equal to dispersed phase flow rate per pore times the number

of pores times the fraction of solid materials in the dispersed phase. So, the maximum allowed solids
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percent, 10% by volume, optimizes throughput. This solids fraction gives a dispersed phase viscosity

of 17, = 0.006 Pa-s and a density of p,, = 1.32 g/mlL..

Large-diameter emulsification pores will allow the dispersed phase flow rate to increase
without violating the restriction that Weber number remains less than 1. However, Pore size D,
cannot be arbitrarily large because the pore must remain somewhat smaller than the droplet forming
out of it. The cross-flow membrane emulsification process relies on a relatively large dispersed phase
droplet being held to it’s formation pore by a narrow “neck” of fluid, and rupture of this neck
occurs at a critical droplet size. The mathematics in Equation 4.11 do not set an explicit lower

bound on D,,, / D,, but some physical intuition gives an estimate on the required pore size. The

smallest possible droplet size that can form from a column of liquid is dictated by the Rayleigh
instability phenomenonEIAccording to Rayleigh instability, a flowing column of liquid develops
surface capillary waves due to a thermodynamic drive to minimize surface area. These waves break
the liquid stream down into individual droplets, whose diameters have been experimentally shown to
be 1.91 times the diameter of the undisturbed liquid ColumnEIIn our system, the liquid column
consists of dispersed phase flowing into the continuous phase medium, and the fluid column’s
diameter is equal to the diameter of the pore from which is emerges. Cross-flow membrane
emulsification can never produce droplets smaller than this limiting case, so the wet diameter
divided by the pore diameter must be greater than 1.91. We require a 25% margin above this lower

/ D, = 2.4. Since D

limit, and establish the relationship D is a function of the target particle dry

wet wet

diameter (Equation 2.8), D, is now also a function of the dry particle size.

In order to maximize process throughput, it is critical that the dispersed phase flow rate
remain fairly high. The emulsification model (Equation 4.11) indicates that {J,,, does not affect
droplet size. The process is, however, limited by the critical Weber number of 1.0 where the
dispersed phase flow transitions to jetting behavior and monodisperse droplet production is lost. We
impose a significant margin below this critical limit, and therefore require that the Weber number
remain significantly below the limit at 0.7. Once this assignment is made, ¢, becomes a function of

pore diameter, interfacial tension, and the dispersed phase composition.

Finally, we specify the channel height I.. Lowering the channel height increases shear rate at

the channel floor for any given continuous phase flow rate, because confining liquid flow to a
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narrow channel increases superficial velocity. The emulsification process generally requires very high
shear rates inside of the flow channel, since the target particle sizes in Table 3.1 are extremely small
and high-shear conditions are needed to generate small droplets. However, the channel cannot
become so narrow that the channel dimension approaches the wet diameter of the emulsified
droplets. The continuous phase flow profile inside of the channel is approximately parabolic in the
vertical axis, yet the emulsification model assumes that the shear rate (the rate of velocity change
along the vertical axis) is constant across the entire face of a dispersed phase droplet. This
assumption is valid only as long as the droplet is not so large that it extends into the curved portions

of the velocity profile parabola. See Figure 4.1 for a schematic representation.

Figure 4.1. Representation of the parabolic velocity profile along the vertical axis of a flow channel. The rate
of increase in fluid velocity along the vertical coordinate (shear rate) is approximately constant near the
channel floor. Droplets of various sizes extend upwards from the channel floor. If the droplet’s size is large
compared to the channel height, the top of the droplet will extend into the curved contour of the velocity
profile, where the shear rate is no longer spatially constant.

An optimal channel height is about L = 0.5 mm (500 um). This channel is narrow enough
that we can achieve the necessary shear rates for the process without excessively high flow rates, yet
the channel height is an order of magnitude larger than the target emulsified droplet diameters,
ensuring that the assumption of constant shear rate remains valid. It is logistically helpful to machine

all channels with the same height regardless of whether they are intended to produce large particles
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or small particles for the size mixture, because uniformity makes maintenance and replacement of

parts much easier.

There is now only one unspecified operating parameter: continuous phase flow velocity. We
leave this parameter as our independent variable, which is manipulated to tune Equation 2.11 in
order to generate any necessary droplet size. The continuous phase flow rate affects both the

capillary number (via the shear rate) and the drag coefficient (via the droplet Reynolds number).

62



4.2 Channel Operation and Throughput

A cross-flow membrane emulsification channel has nine independent operating parameters:
interfacial tension, continuous phase viscosity, dispersed phase viscosity, continuous phase density,
dispersed phase density, continuous phase superficial velocity, dispersed phase flow rate per pore,
channel height, and pore diameter. These operating variables interact to produce secondary effects,
like shear rate at the channel floor and drag coefficient at a forming droplet, but we cannot
manipulate these secondary effects directly. In Chapter 4.1, we made some design selections based
on a physical understanding of our system and locked in eight of these independent parameters. For
a given target dry diameter for a PLGA sphere, all operating parameters except continuous phase
flow rate are defined and unchangeable. To review this selection, Table 4.1 lists the specified values

for each parameter.

Operating Parameter Value Notes
1 Interfacial Tension 0.008 N/m
2 Dispersed Phase Viscosity 0.006 Pa-s 10 vol% solids (PLGA and haloperidol)
3 Dispersed Phase Density 1.32 g/mlL 10 vol% solids (PLGA and haloperidol)
4 Continuous Phase Viscosity 0.0014 Pa-s 1 wt% PVA 1.27 wt% DCM in watet
5 Continuous Phase Density 1.007 g/mlL 1 wt% PVA 1.27 wt% DCM in water
6 Pore Diameter D,/ 2.4 Limited by Rayleigh instability
7 | Dispersed Phase Flow Rate (Per Pore) | (0.5 Di?y / ppp)t/2 Limited by the Weber number

Channel Height 0.5 mm

9 | Continuous Phase Supetficial Velocity [unspecified] This parameter is left free

Table 4.1. Summary of operating parameter specifications.

D, represents the diameter of an emulsified droplet prior to drying, which is set by the
target dry particle diameter by Equation 2.1 and our choice of a dispersed phase concentration of
10% solid materials (PLGA and haloperidol) by volume. D, is the pore diameter. ¥ is the interfacial

tension between the continuous phase and the dispersed phase, 8 mN/m. p,,;, is the density of the
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dispersed phase, 1.32 g/mlL.. Supetficial velocity is defined as volumetric flow rate divided by cross-

sectional area of flow.

There are two objectives for Chapter 4.2. First, we calculate the dispersed phase throughput
per pore for each of the molecular weight selections outlined in Table 2.1. This throughput will
enable a calculation of the required number of pores in order to meet the production goal of
500,000 patient doses per year. Second, we apply the computational fluid mechanics (CFD) package
contained in COMSOL Multiphysics in order to determine the value of continuous phase flow rate

that will generate the required shear rates for the process.
4.2.1 COMSOL Multiphysics

This part of the study makes use of the computational fluid mechanics package with the COMSOL
Multiphysics suite. COMSOL was developed from codes used by the Royal Institute of Technology
(KTH) in Stockholm, Sweden. This software allows a user to predict flow characteristics for

specified fluid properties and flow geometry. Numerical values of fluid shear rate along the floor of

simulated channel geometry are especially important.
4.2.2  Pore Throughput

Each initial PLGA chain molecular weight option has two dry particle sizes associated with it, as

described in Table 3.1. The small particles and large particles are mixed in the final product in a 5-to-

1 mass ratio (equivalent to a volume ratio because the densities of the two particles are identical) in

order to generate a zero-order drug release profile. Since the dispersed phase solutions consist of

10% PLGA and haloperidol by volume, the wet diameter of the corresponding emulsified droplet is

given by D,, = (0.1)"" D,, = 0.464 D, Furthermore, Table 4.2 relates the pore diameter to the wet
/2.4=0417 D

diameter by the relation D, = D We can therefore calculate the required pore

wet wet®
size for any given dry particle size. Finally, since interfacial tension yand dispersed phase density p,,p
are known constants, the maximum dispersed phase flow rate O, per pore can be calculated so that

the Weber equals 0.7.
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PLGA MW Size Type Dy, Dyyer Dy Obp (per pore)
10,000 Da Small Particle 32 pm 68.9 um 28.7 pm 1.14 mL/hr
Large Particle 52 pm 112.0 pm 46.7 um 2.37 mL/hr
20,000 Da Small Particle 26 pm 56.0 pm 23.3 pm 0.83 ml./hr
Large Particle 40 pm 86.2 um 35.9 um 1.59 mL/hr
30,000 Da Small Particle 24 pm 51.7 um 21.5 pm 0.74 mL/ht
Large Particle 36 um 77.6 pm 32.3 um 1.41 mL/hr
40,000 Da Small Particle 20 um 43.1 pm 18.0 um 0.58 mL/hr
Large Particle 36 pm 77.6 um 32.3 um 1.41 mL/hr
50,000 Da Small Particle 16 pm 34.5 pm 14.4 pm 0.41 mL/hr
Large Particle 30 pm 64.6 um 26.9 um 1.03 mL/hr
60,000 Da Small Particle 14 pm 30.2 pm 12.6 pm 0.33 mL/hr
Large Particle 30 pm 64.6 um 26.9 um 1.03 mL/hr
70,000 Da Small Particle 14 um 30.2 um 12.6 pm 0.33 mL/hr
Large Particle 28 um 60.3 um 25.1 um 0.93 mL/hr

Table 4.2. Pore and Particle Specifications for Various PLGA Molecular Weights. Dry particle diameter, wet
droplet diameter, pore diameter, and maximum allowed dispersed phase flow rate per pore, for a selection of
molecular weight options. The dry diameters are chosen so that a 5-to-1 mixture by weight of small-to-large
sizes gives a zero-order release profile. The wet diameter is linked to the dry diameter by the choice of 10%
solids by volume in the dispersed phase. The pore diameter is linked to the wet diameter by the Rayleigh
instability limit. The flow rate is linked to the pore diameter by the Weber number.

Given the above values of maximum dispersed phase flow rate, we calculate the required

number of pores to reach the production goal of 500,000 one-month patient doses per year. For the

purposes of this study, a patient dose of drug is defined as the amount of drug required to treat a
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patient for 30 days. 30 days is roughly the target lifetime of a timed-release depo-haloperidol
treatment, so we use this value to estimate the dosing period. A typical patient under haloperidol
treatment receives about 15 mg of drug per day orally, or 450 mg per 30 daysmNote, as described in
later chapters and in Chapter 3.3, the PLGA spheres are treated post-generation to mitigate the
initial burst of drug. This treatment removes 6% of the initial haloperidol loading. The bioavailability
of haloperidol delivered intramuscularly (as is the case with our product) is higher than the
bioavailability of haloperidol delivered orallyljSo, our final product should contain somewhat less
drug than the ordinary monthly oral dose, but the specific dose for our novel delivery method
cannot be determined without clinical testing. So for simplicity we assume that the product prior to
treatment contains 450 mg of haloperidol, and that removal of 6% of the drug loading during post-
processing gives roughly the desired final content, 423 mg of haloperidol. Therefore, the total annual

mass of haloperidol throughput for the process is still 450 mg/dose, or:
(500,000 doses/yt) * (450 mg/dose) * (1 kg / 1,000,000 mg) = 225 kg/yr

The product depo-haloperidol spheres contain 10% haloperidol by volume (10.59%
haloperidol by weight) so the total annual production requirement of dry spheres is 2,124.6 kg.
Lastly, the dispersed phase is 10% haloperidol and PLGA by volume (9.30% by weight). Therefore,
the total annual throughput of dispersed phase is 22,845.2 kg = 17,307.0 L.

We choose an operating time of 90 days per year, at 24 hours per day. This choice of a
timetable is elaborated in later chapters. In short, the sphere-production process has a very small
annual throughput requirement and it is convenient to increase production rate over a small interval
rather than operate at low productivity throughout the entire year. Furthermore, operation at one

quarter out of the year allows processing equipment to be used for multiple projects each year.

Each molecular weight option requires two distinct dry particle sizes mixed in a mass ratio of
5 parts small particles to 1 part large particles, equivalent to 5 mass-parts of dispersed phase
throughput for small particles for every 1 part for large particles. By volume 14,422.5 L of dispersed
phase pass through small pores to become small droplets while 2,884.5 L of dispersed phase pass
through large pores to become large droplets, per year. Given the dispersed phase flow rates in

Table 4.2, it is possible to calculate the required number of pores.
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Calculated values for number of required pores are reported in Table 4.3 for each molecular
weight selection. As the pore requirement becomes larger, so will the number of channels, the
amount of plant-space, and the cost of operating equipment. However, recall from Chapter 3 that
high-molecular weight spheres have longer lifetimes in a patient’s body and are more desirable due
to less frequent injections. To help consider these two competing design concerns, Table 4.3 also

includes particle lifetime.

Number of Pores
PLGA MW Particle Lifetime Size Type (total for entire process)
10,000 Da 18 days Small Particle 5,858
Large Particle 564
20,000 Da 26 days Small Particle 8,045
Large Particle 840
30,000 Da 31 days Small Particle 9,024
Large Particle 948
40,000 Da 36 days Small Particle 11,513
Large Particle 948
50,000 Da 39 days Small Particle 16,286
Large Particle 1,297
60,000 Da 40 days Small Particle 20,234
Large Particle 1,297
70,000 Da 41 days Small Particle 20,234
Large Particle 1,437

Table 4.3. Particle, Droplet, and Pore Diameters, with Pore Throughput. Required number of pores for
a selection of molecular weight options. For reference, the expected lifetimes of the polymer sphere release
profiles are included from Table 3.1.
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It is worth briefly mentioning that the small and large emulsified droplets will be generated
in separate channels. Separating the process makes it easier to control the dispersed phase flow rates
through differently sized pores, and will enable technicians to screen for droplets outside of a
narrow target size tolerance for quality control. We elaborate the channel arrangements in Chapter 4,
but for now it is sufficient to visualize two separate emulsification processes in parallel: one to
produce small particles and one to produce large particles, with particle mixing in the appropriate 5-

to-1 mass ratio occurring just prior to packaging.

4.2.3 Continuous Phase Flow Rate

In order to generate extremely small dry diameters, flow channels must emulsify droplets with
extremely small wet diameters. We have so far constrained all available operating parameters for the
channel except for the continuous phase superficial velocity # We increase the fluid velocity to
magnify shear stress acting on dispersed phase droplets forming at the channel floor, thereby
generating smaller emulsified droplets. However, at very high continuous phase flow the process
transitions into a turbulent flow regime at which the emulsification model (Equation 4.11) might no
longer apply. At high continuous phase flow, the process also generates much more waste PVA and

DCM, which must be disposed of.

To determine the continuous phase superficial velocity necessary for each target particle size,
we apply the computational fluid mechanics package available with COMSOL Multiphysics. The
flow channel is modeled as a rectangular prism of water with viscosity modified to 0.0014 Pa-s,
obeying the no-slip boundary condition (zero flow velocity) at each of the four faces that would be
in contact with the channel walls, and assuming plug-flow at the inlet. The dimensions of the
simulated channel are: 0.5 mm high, 6 cm wide, and 10 cm long. We find that the specified channel
width has no effect on shear rate as long as channel width is much greater than channel height.
Similarly, channel length has no effect on shear rate except in a short developing-flow region
extending about 1 cm from the channel inlet and a disturbance region about 1 cm from the outlet.
Because flow completely develops within 1 cm of the channel inlet, we incur minimal error in the
trailing 9 cm of the channel by assuming inlet plug flow. The model channel is shown in Figure 4.2,

along with a sample floor shear rate profile corresponding to inlet plug flow of 1 m/s.
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Figure 4.2. COMSOL Simulation of Droplet-Formation Region. (a) Schematic of the COMSOL simulation
for the droplet-formation region of the flow channel. Channel dimensions are 0.5 mm high by 6 cm wide by
10 cm long. (b) The shear-rate map of the channel floot, with 1.007 g/mL density, 0.0014 Pa-s viscosity fluid
moving at supetficial velocity of 1 m/s from the bottom of the figure towards the top. The dark blue bands
on either side of the shear rate map represent regions of low-shear flow, and are both about 1 mm wide
through most of the channel.

This simulation was repeated for a number of continuous phase flow velocities, and the
average shear rate at the channel floor was recorded for each test. The results in Figure 4.3 show a

linear relationship between flow velocity and shear rate over a wide flow range.
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Figure 4.3. Average Shear Rate at Channel Floor vs. Continuous Phase Velocity. Average shear rate at the
channel floor as a function of continuous phase velocity. Values collected for a 0.5 mm high, 6 cm wide

channel containing laminar flow of a density p = 1.007 g/mL, viscosity N = 0.0014 Pa-s, liquid.

We now have a relationship between channel floor shear rate and the continuous phase flow
velocity for our choice of continuous phase properties and channel height, dv/dz = 9719.9 #. With
this relationship, and the values for the remaining 8 operating parameters given in Table 4.1, the
combined mathematics in Equations 4.1 through 4.11 reduce to a single expression (albeit a very

complicated one) including only D, and #.
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This equation has been set up with the appropriate conversion factors so that D, has units

of micrometers and # has units of meters per second. The input parameters are all specified in Table
4.1. For each choice of dry diameter from Table 3.1, we substitute the dry diameter into Equation
2.19 and use a computer algebra system to solve for continuous phase flow rate #. These tabulated
flow velocities are reported in Table 4.4. The required flow velocity is independent of channel width
(as long as the channel width is much greater than the height). We use a channel width of 10 cm as a
test case, and report the corresponding continuous phase volumetric flow rate per channel for each

superficial flow velocity.
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COcp
PLGA MW Size Type Dy, u Rechamme (10 cm width)
10,000 Da Small Particle 32 um 1.07 m/s 762 53.5 mL/s
Large Particle 52 um 0.47 m/s 333 23.5 mL/s
20,000 Da Small Particle 26 um 1.57 m/s 1119 78.5 mL/s
Large Particle 40 pm 0.73m/s 524 36.5 mlL/s
30,000 Da Small Particle 24 pm 1.73 m/s 1238 86.5 mL/s
Large Particle 36 um 0.90 m/s 643 45.0 mL./s
40,000 Da Small Particle 20 um 240 m/s 1714 120.0 mL/s
Large Particle 36 um 0.90 m/s 643 45.0 mL/s
50,000 Da Small Particle 16 pm 350 m/s : 175.0 mL/s
Large Particle 30 pm 1.20 m/s 857 60.0 mL./hr
60,000 Da Small Particle 14 um 4.40 m/s - 220.0 mL/s
Large Particle 30 pm 1.20 m/s 857 60.0 mL/hr
70,000 Da Small Particle 14 pm 440 m/s - 220.0 mL/s
Large Particle 28 um 1.37 m/s 976 68.5 mL/s

Table 4.4. Required Flow Conditions. Required continuous phase flow conditions for each molecular weight
option. At or above 50,000 Da polymer, the required flow rate is so high that the flow characteristics are no
longer laminar. These conditions are shaded red.
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424 Project Recommendation

We now have all of the information necessary to arrive at the final product specification. Based on
the channel Reynolds number calculations in Table 4.4, the process cannot manufacture particles
with molecular weight equal to or above 50,000 Da without reconfiguration. These particles have
such small target diameters that the process must operate under extremely high continuous phase
flow and shear conditions, to the point where flow through the channel is no longer laminar. When
flow starts to become turbulent, the movement of the continuous phase through the channel

becomes chaotic and we lose predictable control over the emulsification process.

It is theoretically possible to reduce the Reynolds numbers for these high-molecular weight
conditions by decreasing the channel height, increasing the continuous phase viscosity, or decreasing
the continuous phase density, but none of these options are practical. We hesitate to lower the
channel height any further, due to issues that arise if the channel height and wet droplet size are on
the same order of magnitude (recall Chapter 4.1). Increasing the continuous phase viscosity requires
the dissolution of additional poly(vinyl alcohol), but a highly viscous fluid is difficult to pump
through the process and excess PVA could deposit in some of the process equipment and be
difficult to clean out. Finally, the continuous phase density cannot be reduced without finding a new
solvent other than water. However, it would be challenging to find a liquid with low density in which

the solubility of DCM and haloperidol is low enough to allow emulsification.

Viable PLGA molecular weights are then 40,000 Da and below. We choose 40,000 Da
polymer for the product spheres because this weight maximizes the customer requirement for long

particle lifetime, while still remaining practical from a processing standpoint.
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4.3 Membrane Pore Spacing

In the previous section, we compared process throughput, process operating parameters, and
product sphere lifetime for a number of initial polymer chain molecular weights. By balancing these
design factors, we selected 40,000 Dalton polymer as the optimal product material. Spheres
manufactured from 40,000 Da material show drug release profiles lasting a full 36 days (slightly
better than the target lifetime of 1 month). We treat the particles prior to shipment in order to
eliminate initial any drug burst, which reduces the effective lifetime to 34 days, where the last 6 days
of release comprise a gradually declining release rate as detailed in Chapter 3.3. This product requires
a total of 13,264 pores operating simultaneously for 90 days per year at 24 hours per day to meet the

production goal of 500,000 patient doses.

The next step is to design a close-packed arrangement of pores for the channel membranes.
This packing arrangement dictates the number of pores in each channel, and therefore the number
of channels that the process requires. The required channel count is an important startup cost. To
arrive at a pore spacing arrangement, we look at the flow disturbances around a forming droplet

using COMSOL and introduce the concept of critical shear.
4.3.1 Pore Array Scales

To begin, we select the width of the cross-flow membrane emulsification channels to be 10 cm. This
value is large enough that we satisfy the important requirement that channel height be much less
than channel width, but it is not so large to prevent a manufacturer from machining precise fits

between parts of the channel.

An effective pore-spacing geometty is to arrange pores in diagonal lines relative to the
direction of continuous phase flow. See Figure 4.4 for a schematic representation. In this diagram,
we define “offset” as the lateral gap between a pore and its closest downstream neighbor. We define

“pitch” as the spacing between a pore and its nearest neighbor.
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Figure 4.4. Generalized Schematic of Pore Spacing in a Channel Membrane. A diagonal arrangement allows
many pores to be confined into a small area of the channel floor, without releasing droplets that will hit and
disrupt a downstream pore.

4.3.2  Maximum Pore Packing Density

The maximum number of pores can be arranged into a 10 cm wide channel by minimizing pitch and
offset. The offset distance must be at least as large as the diameter of the emulsified droplets formed
in the channel. When an upstream droplet is pulled away from its formation pore and begins to
move along the direction of continuous phase flow, it can collide with a forming droplet
downstream if offset is too small. A collision would prematurely tear the downstream droplet away
from its pore, producing a droplet smaller than the target diameter. For 40,000 Da polymer material,
the process generates two sizes of droplets with wet diameters 43.1 um and 77.6 pm (recall Table
4.2). Therefore, a minimum offset of 45 um is selected for small-droplet channels and a minimum

offset of 80 um is selected for large-droplet channels.

The pitch of the pore array is dictated by continuous phase flow disturbances around a
droplet still attached to its pore. In computational simulations, we observe fluctuations in the shear
rate along the channel floor in the region immediately surrounding a spherical obstruction like our
dispersed phase droplets. See Figure 2.8 for detailed simulations of the shear rate around 43.1 pm
droplets under 2.4 m/s continuous phase flow and around 77.6 pm droplets under 0.9 m/s

continuous phase flow. These are the flow conditions for our target droplets (recall Table 4.4), and
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the dimensions of the wet droplet diameters. The maximum droplet size while still attached to a
pore is the wet droplet diameter, and we consider this size because the wake disturbance will be the

largest and we must plan for the worst-case scenario.

Figure 4.5. Shear rate disturbances around a forming droplet, at the droplet’s maximum size. (a) “Small” 43.1
pum droplet, under 2.4 m/s continuous phase flow, (b) “Large” 77.6 um droplet, under 0.9 m/s continuous
phase flow. Droplets are shown by the wire mesh at the figure’s center. Continuous phase flow moves from
the bottom of the figure towards the top.

From Figure 4.5, we can see two plumes of high-shear rate flow just upstream and to the
sides of the droplet obstructions, and a wake of low-shear rate flow downstream of the droplets.
These characteristic disturbances sweep out an area measuring about 7 times the droplet diameter in
both cases, before dying down to the ambient shear rate value further away. The primary concern
with these local flow disturbances is that, if two pores are positioned too close to one another, the
flow disturbance around one droplet could exert hydrodynamic stress on its neighbor. We then lose
control over the shear rate acting on the affected droplet and therefore lose control over the
droplet’s size at detachment. To minimize any chance of droplets hydrodynamically interfering with

each other, the process requires that “pitch” — the spacing between a pore and its closest neighbor —
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be significantly greater than the diameter of the wake disturbance. A safe, baseline pitch value is
1~1.5 times the diameter of the wake: 450 pm pitch for the channel assigned to small (43.1 um)

droplets, and 560 pm for the channel assigned to large (77.6 pm) droplets.

Using these minimum values for pore spacing, we calculate the maximum number of pores
in 10 cm wide channels. It is useful to refer back to the schematic in Figure 4.4. Begin by calculating
the number of rows of pores. The number of rows is limited by the fact that each subsequent row
must be laterally displaced by the “offset” distance. Eventually, offset brings row N (the furthest
downstream row) back into alignment with row 1 (the furthest upstream row), but shifted one pore
over. The maximum number of rows is then pitch divided by offset. We find 10 rows for the small-
particle channels and 7 rows for the large-particle channels. Next, we calculate the number of columns
of pores. The pitch distance separates adjacent columns, and we are limited by the channel width.
Referring back to Figure 4.2, there are thin 1 mm boundaries against the channel walls, running the
entire length of the channel, in which shear rate is significantly lower than the bulk value. We
therefore subtract 2 mm from the total 10 cm channel width to arrive at a usable channel width. The
number of columns is then the usable channel width (98,000 pum) divided by pitch, rounded down
for fractional values. Note that we can actually fit width/pitch + 1 columns into a channel, but we
must subtract 1 because row N is effectively displaced over one more pitch length from row 1,
essentially forming an extra column. We find 217 columns for small-particle channels and 175
columns for large-particle channels. There can be a maximum of 2,170 pores for a channel dedicated

to small droplets and 1,225 pores for a channel dedicated to large droplets.

4.3.3 Channel Number and Scaling Down Pore Number

For 40,000 Dalton product spheres, the process requires 11,513 pores for small particles and 948
pores for large particles (Table 4.3). A small-particle channel can contain a maximum of 2,170 pores
and a large-particle channel can contain a maximum of 1,225 pores. Therefore, the process requires
5.31 channels for small particles and 0.77 channels for large particles. For practical purposes, the
process runs 6 small-particle channels and 1 large-particle channel and the pore number per channel

is reduced accordingly.
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The 6 small-particle channels contain 11,513 pores, for 1,919 pores per channel. Keeping the
previous value of 10 pore-rows, there are 192 pores in the first nine rows and 191 pores in the
furthest-downstream row. Pore pitch for the small-particle channels can therefore be increased to
511 pm, well outside of the range where flow disturbances around forming droplets become

problematic. Pore offset is accordingly increased to 51 pm.

The 1 large-particle channel contains 948 pores. Keeping the previous value of 7-pore rows,
there are 136 pores in the first six rows and 132 pores in the furthest-downstream row. Pore pitch
for the large-particle channel can therefore be increased to 721 um, well outside of the range where
flow disturbances around forming droplets become problematic. Pore offset is accordingly increased

to 103 pm.

4.3.4 Pore Array Length

The length of these pore-arrays along the axis of continuous phase flow is equal to the number of
rows multiplied by the spacing between rows. The number of rows is much smaller than the number
of columns for both small- and large-particle channels; so generous spacing can be included between
rows without taking up much space inside the channel. A row spacing value of 0.5 cm is more than
large enough to eliminate the effects of any downstream disturbances between adjacent pore rows,
being much larger than the low-shear dead-zone wakes downstream of each droplet in Figure 4.5
(the blue plume above the droplet). Therefore, the pore array is 5 cm long for small-particle
channels and 3.5 cm long for large-particle channels along the direction of continuous phase flow.
In order to house these pore arrays and include additional length to allow liquid flow to fully

develop after the channel inlet, the droplet formation regions of the channels should be 10 cm long.

4.3.5 Critical Shear

The final concern for the pore arrangement is the possibility of emulsified droplet disruption
downstream. It has been shown in a number of fluid mechanics studies that emulsified liquid
droplets can bifurcate into two smaller droplets if they undergo sufficient shear stress. One source

of increased shear is any abrupt bends or turns in the liquid flow downstream of the channel. We
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address this possibility in Chapter 5. For now, we are concerned about emulsified droplets passing

through the wake of another downstream pore.

Figure 4.5 shows a region of high shear rate just upstream and to the sides of a forming
droplet. The elevated shear rate in this disturbance region is about 60% higher than the ambient
shear rate far away from the pore, and the disturbance region spans a diameter of about 7 times the
diameter of the pore. Since the pore “offset” (recall Figure 4.4) is much smaller than the disturbance
wake radius, the pore arrangement forces upstream droplets to pass through the wakes of
downstream disturbances. It is important to be sure that the elevated shear rates of the disturbance

wake will not rupture a droplet passing through.

Numerous empirical relationships exist to predict the “critical capillary number” of a droplet.
A very important note is that the capillary number we are about to discuss is different from the
capillary number in Equation 4.5. This equation describes the capillary number characteristic of a
droplet still attached to its formation pore, but we are now interested in the value characteristic of a

free-moving droplet. The literature generally reports the critical capillary number as a function of the

viscosity ratio — the ratio of the dispersed phase viscosity to the continuous phase viscosityf =
dv
. Mep ; (Dwet / 2) n
al = z = f bp (Equation 413)
v Tler

Recall that 7., is the viscosity of the continuous phase, 77, is the viscosity of the dispersed

phase, dv/dz is the local shear rate, D, , is the diameter of the emulsified droplet, and yis the

wet
interfacial tension between the dispersed phase and the continuous phase. In our case, the viscosity
ratio is 4.3. Literature sources agree that the critical shear rate of this system, with a viscosity ratio far

greater than 1, is extremely high and could never be encountered in the disturbance wakes around a

15)14

forming droplet] °1"*|The critical shear is estimated in excess of 1,000,000 s”. We can be confident

that droplet disruption does not occur under any ordinary process conditions, and there is no risk in

allowing passage through downstream wakes.
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4.4  Summary of Particle Channel Selections

Over the course of Chapters 3 and 4, we performed rigorous optimization of the depo-haloperidol
sphere products and the cross-flow membrane emulsification channel process. This optimization
began by applying consumer requirements of zero-order release without an initial drug “burst” to
determine a selection of possible polymer chain molecular weights and sphere sizes. From these
product specifications, analysis went on to consider the operating parameters needed for our process
flow-channels. These process parameters gave valuable insights on process throughout and
practicality, and finally enabled the selection a molecular weight and particle size for the polymer
spheres. Last, we maximized productivity by optimizing the number of droplet-formation pores

inside of a flow channel.

Since important information is scattered throughout the chapter, it is useful to set a few
paragraphs aside now for a concise summary of the results. These optimized results assist the later

economic analysis.
4.41 Product Design: PLGA Spheres

Depo-haloperidol spheres consist of 10% haloperidol and 90% poly(lactic-co-glycolic acid) by
volume (10.59% haloperidol and 89.41% PLGA by weight). The PLGA polymer has an average
initial molecular weight of 40,000 Daltons. The average molecular weight declines during residence
inside a patient’s body due to continuous hydrolysis. We manufacture the product spheres in a mass-
ratio of 5-parts 20 um diameter particles to 1-part 36 pm diameter particles. A single dose of these
particles lasts for just over one month in a patient’s body while continuously releasing its drug

content.

The mass of haloperidol contained in a dose of microparticles depends on the dosage
prescribed by a doctor and rigorous clinical testing, but we consider a baseline requirement of 423
mg per one-month dose. This number arises from an initial drug loading of 450 mg of initial loading

followed by a loss of 6% during treatment to eliminate initial burst (see Chapters 3 and 5).
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4.42  Process Design: Cross Flow Membrane Emulsification

Chapter 4 only considers the flow-channel portion of the manufacturing process. The construction
of the channel itself, including flow inlets and outlets are covered in Chapter 5. All downstream

processing is presented in Chapter 6.

The emulsification process involves two liquid phases: the dispersed phase and the
continuous phase. The dispersed phase 0.985% haloperidol by weight, 8.319% PLGA by weight,
and 90.696% dichloromethane by weight. The continuous phase consists of 1.00% poly(vinyl
alcohol) by weight, 1.27% dichloromethane by weight, and 97.73% water by weight. The PVA in the
continuous phase coats the emulsified droplets and helps prevent coalescence downstream. The
presence of DCM in the continuous phase prevents any DCM in the dispersed phase from
“bleeding” out into the continuous phase during droplet formation, which would cause the resulting

emulsified droplet to be more concentrated in polymer and haloperidol than we intend.

The flow channel primarily consists of a small rectangular prism dedicated to the formation
of emulsified droplets. The dimensions of this droplet-formation region are: height of 0.5 mm,
width perpendicular to the direction of continuous phase flow of 10 cm, and length parallel to the
direction of continuous phase flow of 10 cm. The process generates small and large particles in
separate channels. At the floor of each flow-channel, we position a thin membrane perforated with
micro-scale orifices for cross-flow of the dispersed phase into the continuous phase stream. Small-

particle membranes contain 1,919 pores each with 20.5 pm diameter, and large-particle membranes

contain 948 pores each with 37.0 pm diameter. The flow rate of dispersed phase through each small
pore is 0.58 mL/hr and the flow rate of dispersed phase through each large pore is 1.41 mL/hr. The
flow rate of continuous phase through each small-patticle channel is 120.0 mL./s and the flow rate

of continuous phase through each large-particle channel is 45.0 mL/s. To meet the production goal
of 500,000 thirty-day doses per year in a ninety-day operating period, the process must have 6 small-

particle channels and 1 large-particle channel in operation.

The product spheres begin as emulsified droplets of dispersed phase, which consist mostly
of the dichloromethane solvent. Small particles begin as 43.1 pm droplets, and large particles begin
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as 77.6 um droplets. Downstream, the solvent is drawn off by dissolution into an aqueous medium

under the aid of a vacuum. The loss of the solvent leaves hard product spheres with diameters of 20

pm and 36 pm.
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Chapter 5: Advanced Channel Specifications

5.0 Chapter Introduction

Cross flow membrane emulsification (XME) is a process where an organic dispersed phase (DP) is
driven through a series of pores into transverse flow of an immiscible, aqueous continuous phase
(CP), thus forming an emulsion of dispersed phase droplets which are hardened intro microparticles.
The main architecture in the design of the microparticles, modeled as zero-order depot-release
haloperidol loaded poly(lactic-co-glycolic acid) microparticles, is the cross-flow emulsification

channel.

Chapter 5 will begin by introducing the general architecture surrounding the XME
instrument and reiterating the channel specifications around the dispersed phase droplet formation
region (5.1) Then the chapter will expand to talk about considerations of the continuous phase inlet
and outlet (5.2), as well as considerations of the dispersed phase inlet and the emulsification
membrane. (5.3). From there, we examine methods to reduce the hydrodynamic shear rate
experienced by newly formed droplets (5.4). A focus on the final manufacturing process (5.5)

concludes this chapter.

SolidWorks3D CAD. The program used to construct and test a virtual model of the cross-flow
emulsification channel referred to previously is called SolidWorks3D CAD™. SolidWorks, created
by Dassault Systemes SolidWorks Corporation, is a computer program specializing in both on-
screen 3 dimensional design and numerically simulated dynamic testing scenarios. The sketches of
the cross-flow emulsification channel (top, bottom, and membrane — contained within in this section
were generated using the design aspect of SolidWorks, whereas stress testing of the membrane, and

subsequent sketches) were calculated using the testing simulation aspect of the SolidWorks program.
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5.1 XME Channel Layout

5.1.1  Overarching Design

In the broadest terms, the cross-flow emulsification (XME) apparatus refers to the machined,
stainless steel construct responsible for directing fluid flow during the emulsification process. This
device houses the XME channel, which refers only to the empty cavity cut out of the stainless steel.
The central characteristics of the XME channel were, to some extent, specified in Chapter 2.
Emulsified droplets are generated in a part of the channel called the droplet formation region which
is formed in the geometry of a rectangular prism measuring 10 cm wide by 10 cm long by 0.5 mm
high. At the base of the droplet formation region is the emulsification membrane. During the course
of this chapter, we will elaborate on the design of the XME apparatus, the remainder of the XME

channel not previously specified, and the emulsification membrane.

Before exploring the finer details of the XME device, some choices had to be made
concerning the overarching design. These decisions originated from several basic design principles:
building an instrument that was reliable, precisely machined, easy to maintain, and modifiable with
respect to custom machined emulsification membranes. It is important to minimize the overall
number of pieces and the number of contact surfaces that must be fit together, especially with
regards to the XME channel itself. In order to do this, the device is composed of two parts, in-
between which the emulsification membrane rests. The bottom portion, or plate, of the device
contains the inlets for the continuous and dispersed phases, the outlet for the finished product
stream, and a slot for the emulsification membrane. The slot is necessary to allow the emulsification
membrane to be flush in plane with the floor of the channel, both to get rid of any obstacles the
emulsified droplets might encounter, as well as ensure that the effective height of the channel
experienced by the droplets stays consistent within the droplet formation region. The bottom plate
also acts as the floor of the channel. The top plate of the device contains all of the features of the
channel and a viewing portal for quality control purposes. This two-piece construction is convenient
for two reasons: easy disassembly for cleaning and maintenance, as well as easy access to the

emulsification membrane. This construction minimizes the number of total contacts to two areas:
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contact between the top and bottom plates, and contact between the plates and the emulsification

membrane.

Next, precise manufacturing and O-rings are necessary to ensure that these areas of contact
do not allow for leakage or misalignment. First, the contact between the top and bottom plates is
considered. This area of contact needs to be leak-proof, to prevent the CP from seeping out of the
channel and potentially decreasing the volumetric flow rate, which could affect the size of the
microparticles produced. In order to accomplish this, an O-ring surrounding all of the relevant
features on the bottom plate is introduced into the design. This O-ring is then compressed by the

weight of the top plate, which allows for a leak-proof seal.

The second area of contact to be considered is the contact between the emulsification
membrane and the top and bottom plates. This is not only necessary to ensure that the channel does
not experience any CP leakage, but it also ensures that the emulsification membrane is aligned
exactly with the floor of the channel. This membrane alignment is accomplished by placing an O-
ring underneath perimeter of the emulsification membrane. Due to the channel being much
narrower than the emulsification membrane, two hemispherical sections of the membrane are in
contact with the top plate, allowing for compression of the O-ring below. The area below the

emulsification membrane is cut out to allow for space to insert the dispersed phase pump.
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Figure 5.1. A wireframe schematic of the final assembly of the XME device. The emulsification membrane
will rest in the circle shaped slot seen in the bottom section of the XME assembly. When the device is
assembled, the upper and lower sections will align and be bolted together.

5.1.2  Two Separate Channels

As mentioned previously, the droplet formation region of the channel is initially specified by the
determined size distribution of nascent haloperidol-loaded PLGA droplets. As these specifications
are discussed in Chapter 4.1 and 4.2, they will only be briefly recapitulated here, highlighting the

parts most important to the dimensions of the channel.

The creation of a zero-order release profile was best modeled by a 5-to-1 mass ratio of small
to large particles, as shown in Chapter 3. This distribution of sizes allows for one to generate the
final product in two ways: produce both large and small particles in the same channel, or operate
two different channels in parallel, one for the small particles and one for the large particles. Initially,
the thought was to manufacture a single channel that could create both large and small particles in

the exact ratio needed.
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This type of channel would have two distinct formation regions, one for the larger particles,
and one for the smaller particles. The formation of two separate droplet sizes would be
accomplished by partitioning the droplet formation region into segments with different channel
heights. Given a constant inlet continuous phase flow rate, the two different droplet formation
regions with distinct heights will experience different shear rates along the channel floor. By
precisely tuning the two characteristic heights, and the inlet continuous phase flow rate, it would be
possible to independently specify two different droplet sizes in the same channel. This design was
initially chosen for its ease of use and all-inclusiveness. The ability to manufacture, in real-time, the
correct ratio of large and small PLGA microparticles needed for a finished product was seen as a
large selling point. It was also thought that by merely switching out the membranes one could
achieve a level of flexibility that would allow the process to be adaptable to different size

microparticles, different drugs, and different polymer matrices.

However, upon further consideration, a single-size single channel design provides crucial
advantages over a channel built with a height step. First, the single-size single channel design
provides an extra layer of quality control and robustness that the dual-size channel design lacks. If a
channel produces only a single droplet size, it is very easy to screen the channel effluent for satellite
fragments or other emulsified droplets lying outside of the specified size window. However, if the
channel produces multiple droplet sizes, it becomes much more difficult to screen out abnormal
sizes. Specifically, a dual-size channel design would have two allowable size windows, one small and
one large, so a simple sieve could not be used to check for the presence of abnormal droplet sizes
that fall between the small-size and large-size specifications. Hence, quality control becomes much
simpler if small droplets and large droplets are generated separately. Second, the dual-height channel
design is less useful as a platform technology. If it were later decided that we needed to change the
sizes of the small and large droplets, it would not necessarily be possible to generate both new sizes
in the same pre-existing channels. That is, we could vary the continuous phase flow rate until the
shear rate was sufficient to generate the new small droplet size in the small-droplet formation region.
However, at this continuous phase flow rate, the probability that the shear rate in the large-droplet
formation region would be exactly correct to generate the new large droplet is extremely low. Since
the channels are already machined, we cannot easily manipulate the channel height in the large-
droplet formation region to adjust the shear rate any further. If, on the other hand, we used separate

channels for the small and large particles, the continuous phase flow rates through each channel
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could be independently controlled, and virtually any new arrangement of droplet sizes could be

achieved using the pre-existing channels.

In summary, the droplet formation region of the channel itself will consist of a 0.5 mm
ceiling height that can accompany the large and small droplet sizes needed for up to 40,000 Da
molecular weight PLGA, a 100 mm width to allow for a plug-like transverse flow profile, and a 100
mm length to allow for full development of the flow profile before it interacts with the nascent
particle droplets. A visual representation of this “single droplet formation region” channel is shown

below in Figure 5.2.

Figure 5.2. A wireframe isometric view of the upper portion of an XME apparatus that contains a single
droplet formation region. The wireframe schematic is turned upside-down such that the channel machined
into the steel block is located at the upper face.
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5.2 Continuous Phase Inlets and Outlets

5.2.1 Location of the Inlet and Outlet

The next consideration in designing an XME apparatus was how the continuous phase enters and
exits the device. The apparatus should exert minimal shear disturbance on the emulsified droplets
themselves as they move downstream. Constructing an exit in the same lateral plane as the channel
seems to minimize disruptive shear effects on the effluent stream. Yet if the exit were to exist on the
same plane as the channel, it would be placed on the intersection of two distinct pieces of stainless
steel, and it would prove impossible to achieve an adequate seal between the top and bottom plates
of the XME device. Also, since the channel has a rectangular cross-section, it would be hard to find
a piping fixture for the channel outlet that measures the height and width of the channel (h = 0.5

mm, w = 100 mm).

The design recommendations provided by Robert Meyeﬂindicate that continuous phase
should enter and leave the XME channel through chambers bored through the bottom plate of the
assembly. This way, both the inlet and outlet of the channel are located at the bottom of the device.
This design allows for the insertion of an O-ring between the top and bottom plates of the XME
device, preventing leakage out of the channel. Also, the inlet and outlet holes at the base of the
XME device can be machined to any shape or size, making the addition of a piping fixture much
casier. The bottom plate of the device — both inlet and outlet continuous phase reservoirs as well as

inlet dispersed phase reservoir shown — along with a groove for an O-ring, is modeled in Figure 5.3.
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Figure 5.3. A witreframe view of the lower portion of an XME apparatus. The continuous phase entrance and
exit reservoirs are the rectangular chambers on the far sides of the device, which taper down to round inlet
and exit holes at the bottom of the steel block. The dark band around the perimeter of the device’s upper face
is a groove for an O-ring.

An initial concern for this design feature was whether a substantial shear rate at the XME
channel drop-off existed. This drop-off is the 90° turn experienced by the emulsified product stream
upon exit from the XME channel and entrance into the outlet reservoir. The drop-off was modeled
in COMSOL, to determine whether the shear rate would increase at the 90° turn, or at any point
during the drop, to levels that would shear the particles. Figure 5.4 illustrates the evolution of shear
rate at the drop-off, and although there is a slight increase in shear rate, the increase is well below
the maximum shear rate that can be tolerated by the microparticles. This study validates design

choice to place the location of the outlet in the bottom plate.
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Figure 5.4. COMSOL Simulation of Shear Rate at Drop-off at Channel Outlet. Presented in this figure are
two views illustrating the evolution of shear rate at the drop-off. In part a, a frontal view is presented. Upon
closer analysis of the turn itself, there is evidence of a slight increase in shear rate, but this increase is well
below the maximum shear rate that the microparticles can tolerate before actually shearing.
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5.2.2  Development of Flow

Given many defining decisions in the XME device’s architecture, two important considerations
concerning the flow profile are that the continuous phase flow profile through the channel is
approximately uniform across the channel width, and that the flow is fully developed before

encountering the emulsification membrane and the pore array.

The first concern: uniform flow with respect to the channel’s width, is accomplished by
flaring out the continuous phase inlet into a reservoir. These loading reservoirs will always be filled
with continuous phase, and under backpressure from the pumping process. Hence, this design gives
no protection against unwanted disturbances in the continuous phase pumping pressure, due to the
fact that any fluctuations in the continuous phase delivery will affect the downstream shear rate, and
in turn, the droplet size. However, one can easily separate out drop size abnormalities downstream
of the channel architecture. What the loading reservoirs are essentially trying to protect against is any
abnormal deviation of continuous phase flow in the lateral axis by smoothing out the flow profile as
liquid enters the main XME channel. The aforementioned reservoirs are designed to work as such:
as the continuous phase enters the reservoir from below, it undergoes an expansion from the cross
sectional area of the leading pipe to the cross sectional area of the reservoir. The continuous phase is

then directed into the flow channel, perpendicular to the reservoir.

Allowing a small entrance length in the XME channel addresses the second concern: fully
developed flow at the emulsification pore. As shown in Figure 5.5, COMSOL simulations indicate
that continuous phase flow with properties identical to those in our process (density 1.007 g/mL
and viscosity 0.0014 Pa-s) in a flow channel with height 0.5 mm becomes fully developed within

roughly 1 cm of the inlet, as shown by the decaying shear rate disturbances along the channel walls.

94



v
A 19429x10%
15000

14000

0.05 11000
F { 10000
9000

8000

7000

6000
¥ 14901x10°8

Figure 5.5. COMSOL simulation of continuous phase flow (density 1.007 g/mL, viscosity 0.0014 Pa-s)
through a flow channel of width 6 cm, length 10 cm and height 0.5 mm. Flow is directed from the bottom off
the figure towards the top of the figure at a supetficial velocity of 1 m/s. The dark blue bands along the
channel sides represent shear rate disturbances due to the no-slip boundary condition at the walls. The low-
shear disturbances are wider in the bottom-most 1 cm of the schematic, indicating that flow has not fully
developed.

Based on this analysis, the emulsification membrane is positioned several centimeters
downstream of the start of the flow channel. This way, we can ensure that flow is fully developed at

the emulsification site and maintain control over the process.
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5.3 Membrane Design and Dispersed Phase Delivery

5.3.1 Review of Pore Array Spacing

Before the dispersed phase comes into contact with the continuous phase in the cross-flow
emulsification process, it passes through an array of pores from which the nascent droplets form.
The design of this pores array arises from a combination of physics — not wanting to let one particle
interact strongly with another particle’s formation region wake — and throughput calculations — the
number of doses to be prepared in a year for a specific polymer chain length. The physics generally
determine the pitch, offset, and row spacing of the pores, modeled below, whereas the throughput
calculations determine the actual number of pores that need be manufactured. The pore spacing

schematic is reproduced below as Figure 5.6.
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Figure 5.6. General schematic displaying a section of the diagonal pore array which allows a large number of
pores to be placed close together without the forming droplets interacting. For example, given a 40,000 Da
PLGA polymer with wet diameters 43.1 pm: offset = 45 pm, pitch = 450 pm, row space = 0.5 cm, number
of diagonal columns = 217, maximum number of pores per 100 mm wide channel = 2170, number of pores
required for throughput = 11,513, and therefore the minimum number of 100 mm wide channels = 6.

While many of these dimensions were specified through numerical means — a safe estimate
of the pitch is 1~1.5 times the wake of the forming PLGA droplet — the general array was

determined through a method of optimization that factors in both the channel dimensions as well as
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the array dimensions. As stated in Section 3.1, the sides of the channel contain a boundary layer area
where the shear is lowered drastically. Thus, a 1 mm clearance on either side of the channel was
factored in to calculations about the width of the pore itself. A flow channel of width 100 mm —
usable width of 98 mm due to the low-shear boundaries along the channel walls — was concluded as
the most optimal solution and limited the number of required channels to a reasonable number: 6
for small particles (1,919 pores each), and 1 for large particles (948 pores). From here specifications

of the membrane itself could be developed.

5.3.2 Dispersed Phase Inlet

The dispersed phase is introduced into the channel in an analogous way to the continuous phase.
The bottom section of the XME apparatus is machined to include a rounded reservoir under the
droplet formation region, connected to the inlet port for the dispersed phase. The emulsification
membrane rests on top of this reservoir, while the interface between the reservoir and the
membrane is sealed with an O-ring and held in place by the top section of the XME device when
the device is secured together. The dispersed phase is then pumped from its storage vessel into this
reservoir at a specified rate, given by the DP flow rate per pore times the number of pores in the
membrane. Backpressure in the dispersed phase reservoir causes the DP to flow through the

emulsification pores, into cross-flow of the continuous phase.

An increased or decreased flow rate of the dispersed phase will not affect the size of the
droplet, as long as the Weber number (Chapter 4.7) remains less than 1, in order to avoid the onset
of “jetting.” We specified the emulsification process so that the Weber number remains at 0.5, and
so the process can tolerate small variations in dispersed phase flow rate without exceeding the
critical Weber number limit. Drawing from these conclusions, the XME channel does not need to
maintain extremely precise control over dispersed phase flow rate. A schematic representation of the

dispersed phase reservoir is shown in Figures 5.7 and 5.8.
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Figure 5.7. Close-up schematic of the dispersed phase inlet reservoir in the bottom section of the XME
apparatus. The dispersed phase reservoir is the rounded cavity. The dispersed phase reservoir is designed to
house a small O-ring at its top, which forms a tight seal with the emulsification membrane when the
apparatus is assembled.

5.3.3 Membrane Deflection and Dimensions

As discussed previously, the membrane itself has to be able to contain a 98 mm wide pore array
which is machined into a 100 mm wide channel. These specifications aside, the question becomes
how to secure the membrane into the channel to ensure there is no movement. Given that the
overarching design of the XME apparatus is already a two-plate device, including a top and bottom
plate, one basic scenario becomes that of pressure fitting the membrane between the two individual
plates. This design is logical, as the top and bottom pieces join on the same plane as the floor of the
XME channel. Furthermore, this design allows the membrane to sit in a depression cut into the

lower section and remain flush with the floor of the XME channel itself as shown below. The
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membrane is designed as a thin, circle shaped piece of metal to match the upper face of the

dispersed phase reservoir.

---------
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Figure 5.8. The dispersed phase reservoir, as viewed from the side. When the membrane is settled on top of
an O-ring in the aforementioned depression (shown as the faint, horizontal dotted line just below the top
solid line marking the upper face of the steel block) the floor of the XME channel becomes flush and

continuous.

In order to make pressure-fitting possible, the lateral sides of the membrane — and in result
the depression built into the lower section of the XME channel — have to extend further than the
initial channel width (100 mm) by enough so that, when fully assembled, the top section of the
XME channel can exert an adequate force to keep the membrane in place. For example, this means
that if the channel width is 100 mm, the width of the membrane has to be greater than 100 mm by
enough so that it is held in place by the top of the channel. The membrane width has been selected
as 160 mm, so that the upper steel block holds down the outermost 30 mm on either end of the

membrane when the XIME device is assembled.

The next consideration in the design of a membrane is that of length. The length of the
membrane first emerged as an issue when talking about the development of the continuous phase
flow profile. Essentially, one will never be able to create a modifiable XME apparatus that does not
have some discontinuity at the interface between the side of the membrane and the side of the
depression. Even if the membrane is perfectly fit to the shape of the depression, at some level the

two pieces are not continuous. Also, a good fit, let alone a perfect fit, is extremely difficult to
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machine in any shop. Thus, a gap 20~50 pm is acceptable between the membrane and the
depression on all sides. Although this might not cause a large, or even noticeable, disturbance in the
laminar flow profile, the length of the membrane should still allow the continuous phase to fully
return to its laminar profile before it reaches the pores. To see how long a deformation in flow
profile would take to reassume its flow profile, the same COMSOL simulations similar to the one in
Figure 5.5 were studied. To a close estimate, the continuous phase flow through a 0.5 mm high
channel can reassume a fully-developed profile in ~10 mm downstream of a sudden change in
geometry. Since the pore array proper is designed to occupy a length along the direction of CP flow
of 50 mm for small-droplet membranes and 35 mm for large-droplet membranes, a membrane
length of 160 mm was chosen. The pore array begins 20 mm from the upstream edge of the
membrane, ensuring that any disturbances caused by flow over the gap between the leading edge of

the membrane and the channel floor even out by the time the continuous phase reaches the pores.

The last consideration in designing a membrane is the thickness, which directly affects
membrane deformation. If the membrane is too thin, the backpressure in the dispersed phase
reservoir might cause it to bow upwards and narrow the effective height of the channel. Conversely,
it is much more difficult to precisely machine micro-scale perforations into a thick membrane plate.
By treating dispersed phase movement through a pore as liquid flow through a pipe with diameter
equal to that of the pore and length equal to the thickness of the membrane, it is possible to
calculate a pressure differential across the membrane by accounting for friction. The pressure
differential is largest for the small-droplet membrane, so we study this high backpressure condition

as the worst-case scenatio.

_IODD fLmv2
- 2D,

AP (Equation 5.1)

Here, AP is the pressure drop across the membrane, p),; is the density of the dispersed
phase, L, is the length of the pore (the thickness of the membrane), » is the superficial velocity of

dispersed phase through the pore, D, is the diameter of the pore, and fis the Darcy friction factor —
equal to 64/Re, where Re is the Reynolds number for flow through the pore (Re = pp,p v D, / 17p

such that 77, is the viscosity of the dispersed phase).
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Given a pressure differential across a membrane, it is possible to predict the deflection the
membrane will undergo using different stress/strain analysis tools in SolidWorks. For example, it
can be calculated (using Equation 5.1) that a 0.5 mm thick membrane, with dispersed phase
properties of density = 1.32 g/mL and viscosity = 0.006 Pa-s, flowing through a 20.5 um diameter
pore at a rate of 0.58 mL/hr (the specifications for a small-droplet membrane), shows a pressure
differential of 16.2 psi. According to SolidWorks simulations, the maximum deformation in a
membrane of the dimensions previously described, held in place on both sides by contact pressure
via the upper section of the XME device, and under 16.2 psi stress is completely negligible — several
orders of magnitude smaller than the height of the channel. Deflection only becomes significant
when the membrane thickness dives below 0.1 mm. Therefore, we select a membrane thickness of

0.5 mm to minimize any adverse effects of backpressure.
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5.4 Channel Expansion and Critical Shear

5.4.1 Review of Critical Shear

As described in Chapter 4.3, there is a value called the critical capillary number for a system of
emulsified droplets. The critical capillary number (defined as the ratio of the parameters: continuous

phase viscosity 77.p, shear rate dv/dz, droplet radius D,,, / 2, and interfacial tension ) is defined in

wet

the literature as a function of the ratio of dispersed phase viscosity 77, and continuous phase

viscosity 7.

=B ), {
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¢ (Bquation 5.2)

When this critical capillary number is exceeded, under conditions of high shear rate, the
emulsified droplet will bifurcate into two smaller droplets. Based on literature correlations for our
emulsification systemmthe dispersed phase droplets have a critical capillary number of

approximately 10. This value gives a critical shear rate of ~2.6 x 10° s for small 43.1 um diameter

droplets and ~1.47 x 10° s for large 77.6 um diameter droplets. These critical shear rates are
extremely high, roughly 90 times higher than the ambient droplet-formation shear rate for small
droplets and 150 times higher than the ambient droplet formation shear rate for large droplets.
These theoretical critical shear rates are also higher than anything we would expect in the normal
cross-flow emulsification process. However, experiments have demonstrated that under high-
continuous phase flow conditions, droplet disruption does indeed occur downstream, leading to a
polydisperse output. See Figure 5.9 for a sample polydisperse output, collected under a high

continuous phase supetficial velocity of 1.5 m/s.
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Figure 5.9. Experimental polydisperse droplet output. The dispersed phase flow rate was controlled to ensure
that the Weber number remained at 0.1, so droplets should have been monodisperse at generation.
Subsequent disruption may have occurred downstream due to excessive shear. Superficial continuous phase

velocity was 1.5 m/s. Scale bar represents 500 pm.

From here it was initially thought that if one wants to maintain any type of reproducibility in
particle size, the channel velocity must be considerably reduced after the particle formation region,
thus lowering the shear at the corner where the channel meets the outlet reservoir. Assuming a

constant volumetric flow rate throughout the XME channel, one can use the relation:

O=uAd. (Equation 5.3)

Here Q is the volumetric flow rate, # is the superficial velocity of liquid through the channel,
and A is the cross sectional area of the flow channel. In order to reduce the velocity of the
continuous phase emulsification, the ceiling height is raised from 0.5 mm at the droplet formation
region to 10 mm over a horizontal distance of 100 mm. This ceiling expansion effectively drops the
effluent flow velocity by a factor of 20 and the shear rate by more than a factor of 10 as the particles

travel towards the channel exit.
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5.4.2 Use of a Wedge Bifurcation to Decrease Working Volume of Finished Product

The finished product stream is composed mostly of continuous phase. In the small particle channel,
microparticles constitute only .34% by weight of the total flow; in the large particle channel, this
improves to 1.1%. Taking off a portion of the continuous phase drastically reduces the working
volume of the finished product stream, and decreases the required size of units in the downstream
processing section. This is accomplished by inserting a “bifurcation wedge” — as seen below — that

would effectively separate the finished product stream.

Figure 5.10. This simple schematic (not to scale) is meant to highlight the concept of the “wedge” — as seen
on the left side of the pictute. The continuous phase / dispersed phase emulsification will travel in — from the
right — particles rumbling along the bottom of the channel. The majority of the continuous phase will be
drawn off into the upper partition — exiting to the left — while the remaining CP/DP emulsification will flow
into the exit reservoir — exiting bottom left.

Due to the density differences, the dispersed phase droplets will continue to travel along the
floor of the channel towards the exit, and the continuous phase — diverted into the top bifurcation —
will be pumped directly to the DCM waste management system. There are two positive
consequences of the height expansion from 0.5 mm to 10 mm, first, that it works as a safeguard by
dropping the critical shear rate experienced by the particles at the outlet. Second, it allows for easier

machining, by allowing for a larger working space during the drilling of the top bifurcation.
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In order to ensure that flow exits through the top bifurcation, it is necessary to overcome
gravity by adding a pump. In addition to this measure, it is also important to drop the floor of the
upper bifurcation below the initial ceiling height of the channel, which was 0.5 mm. This design
specification helps to ensure that the continuous phase is successfully diverted into the top
bifurcation. The bifurcating wedge can be seen isometrically in Figure 5.2, and in more detail as a
side-view in Figure 5.10. More of the space at the outlet is dedicated to the top bifurcation, due to
the large volume of excess continuous phase that needs to be drawn off. Using the wedge
bifurcation, a conservative estimate of 70% of the total continuous phase is drawn off — bifurcations
calculations completed using COMSOL. This percentage can be increased by increasing the power
of the pump drawing fluid through the top bifurcation, or by lowering the position of the wedge

further, to decrease the volumetric flow rate that can exit through the bottom bifurcation.
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5.5 XME Instrument Design

Given the specifications from Chapters 4 & 5, a final bill for the manufacture of the XME product
can be drawn up. The upper and lower sections of the XME instrument will be manufactured out of
two blocks of highly polished grade 316L stainless steel. Of the austenitic class of stainless steel,
grade 316L stainless steel has a maximum of .03% carbon — the L stands for low carbon — 16-18%
chromium, and 2-3% molybdenum. Both the chromium and the molybdenum help to resist
corrosion while still allowing for good machining properties. The upper portion will be cut to 440
mm long by 240 mm wide by 30 mm thick. From here the specifications of the XME channel itself
will be cut into the block using a CNC (computer numerically controlled) router with both a flat
head bit and a rounded head bit. The centetline of the XME channel will be positioned along the
center of the stainless steel block such that the majority of the channel extends 50 mm on one half
of the block and 50 mm on the other. A viewing window will be cut out directly on-top of the
droplet formation site using a CNC router with a flat bit such that it extends 30 mm backwards and
forwards from the center of the droplet formation region and is cut 29.5 mm down to the ceiling of
the droplet formation region. The viewing window will be 120 mm wide, thus allowing a 10 mm
overshoot on either side of the channel. A 60 mm X 120 mm sapphire window will sit in the viewing
window frame, resting on the two 10 mm overhangs. A larger square of the dimensions 80mm long
by 140mm wide by 25mm deep can be cut out concentric with the viewing window to allow for an

easler viewing experience.

The bottom portion will be cut to 440 mm long by 240 mm wide by 100 mm thick. The
entrance and exit reservoirs will be cut to 140 mm wide by 140 mm long by 30 mm deep, each
centered 50 mm away from their respective edges. The continuous phase will flow into these
channels through threaded holes cut in the center of the reservoirs. The dispersed phase entrance
will consist of a circle — 160 mm in diameter — centered 160 mm from the “entrance side” of the
lower block and cut deep enough into the bottom portion to support both the thickness of the
desired membrane and the thickness of the desired o-ring. As this first circle is supposed to create a
ledge-like structure that will support the o-ring underneath the circular membrane, a concentric
circle — 150 mm in diameter — will be cut to 20 mm from the base of the block. The dispersed phase

will enter this reservoir through a concentric threaded hole. In order to seal the channel in its
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entirety, an o-ring slot will be cut to the rough shape of a rectangle with filleted corners. The inner
dimensions of this rectangle will measure 404 mm in length by 184 mm in width, be centered on the
lower block itself, and contain filleted corners with a radius of 15 mm. The outer dimensions and

the depth can be specified depending on the size of the chosen o-ring.

The membrane will be cut from 0.50 mm thick 316L stainless steel sheet stock into circles of
160 mm in diameter. These circles will then have the desired array of pores cut into them using a
technique called electrical discharge machining — or EDM. The advantage of EDM over other
manufacturing methods, such as laser drilling and machine drilling, is that EDM is provides a much
cleaner hole' when used. The membrane will then be coated with a non-stick polymer in order to
reduce the ability for the PLGA to wet the surface of the membrane. Extensive wetting can lead to

clogs that cause the machine to have to be dismantled and cleaned.

The dimensions talked about in this section can be seen visually in Appendix C in both

English and metric units.
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Chapter 6: Non-channel Processing and Design

6.0 Introduction

We have discussed in detail the design and operation of the cross-flow membrane emulsification
(XME) devices in order to produce poly(lactic-co-glycolic acid) (PLGA) microparticles containing
depo-haloperidol of two desired particle sizes: 20 um and 36 um in diameter (Chapter 5). The fluid
dynamics involved in shearing the organic dispersed phase (DP) into microparticles with the
aqueous continuous phase (CP) flow past channel membranes have also been investigated and
reported (Chapter 4). Chapter 6 is devoted to technical aspects of the process and product design
not related to the channels. This includes the preparation, storage, and delivery of inputs necessary

for operation, in addition to more complicated facets of the system design.

Outflow from the XME channel arrays contains emulsified DP droplets, still containing
dichloromethane (DCM), in a large volumetric proportion of CP. During downstream processing,
care must be taken to avoid further shearing of the particles in order to maintain particle size such
that satellite particles linked to overdose are not produced. This chapter will account for: removal of
CP from the post-channel process and the separation of diverted CP using continuous distillation;
hardening of the particles and removal of DCM solvent in an agitated vacuum tank with
diafiltration; removal of residual poly(vinyl) alcohol (PVA) coating the particles after the hardening
process stage; freeze-drying of particles; and, finally, particle storage in dose-sized vials for

distribution to hospitals and doctors administering haloperidol to patients.

Unit operations involved in process stages are detailed within relevant sections to
substantially describe the process design. Comprehensive equipment needs and costs are provided at
the end of this report as Appendices D and E. A process flow diagram (PFD) is presented in Figure
6.1 with labels for all units by which they are referred to in this chapter. A Gantt chart and streams

summary are also provided for reference as Figure 6.2 and Table 6.1, respectively.
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6.1 Overview: Pathway of the Particle

Emulsified droplets exiting the XME channel arrays go through several stages of downstream
processing. Droplets from one batch of CP and DP continuously exit the channel at a flow rate
maintained by pumps introducing CP to the channel arrays. These microspheres are allowed to flow
into tanks placed below the channel arrays, in which large and small spheres are collected separately,

where they await hardening and DCM removal.

The same collection tanks operate as particle-hardening vessels in which increased
temperature, reduced pressure, gentle agitation, and diafiltration with salt solution extracts and
evaporates DCM. Droplets remain suspended as DCM is removed, and the denser hardened
microparticles settle toward the bottom of the tank on a removable filter, and after 1 hour, all
retentate is pumped from the bottom of the tank. Settled particles coated in ions and partially-

adhered PVA are then rinsed substantially for a half hour with deionized water.

Next, drug encapsulation is reduced to eliminate the initial burst in the release profile
discussed in Section 3.3. To remove the first half day of the drug release profile in Figure 3.6, the
hardened particles are agitated in the same diafiltration tanks for 10 hours in circulating water at a
high temperature. More precisely, the goal is to allow 6% by weight of all the haloperidol to diffuse
from the particles. This diffusion occurs faster at temperatures higher than body temperature for
which the 12 hour release is projected, and the ten hour period can be easily adjusted if needed
during the trial process stage. Upon completion of ‘soaking’, retentate is drawn from the tank and

particles are transferred from the filter baskets to the next process stage: freeze-drying.

Particles are freeze-dried in batches where any residual liquid phase is completely removed.
After a 10 hour lyophilization period, the particles are ready for packaging. For convenience, the
particles are packaged in dose-sized vials where only water must be added prior to intramuscular
injection. A computerized packing system distributes specified weights of PBS buffer, large particles,
and small particles to the ampoules. The vials are stored in a dark, cool, dry location before delivery.

Figure 6.3 presents an overview of these process stages, to be discussed in detail in later sections.
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6.2 'The Channel as a Black Box

In this section, the XME channel is introduced as black box with specified inputs and outputs.
Previous chapters have discussed channel design and the optimization of operating conditions in
order to achieve the desired haloperidol production. These conditions determine pre-process
preparation units and scheduling as well as the unit operations used in downstream processing. We
begin this section with channel requirements and then move onto outflow exiting the channel,
ending with conclusive startup and shut-down specifications. Figure 6.4 on the next page shows

both channel arrays, labeled according to the PFD for easier reference.
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6.2.1  Channel Input

CP flow through the large-particle producing XME channel, unit XME-L in the PFD, is
approximately 162.0 L/htr, and CP flow through each of the small-particle producing XME
channels, where the entire six channel array is termed XME-S in the PFD, is 432.0 L./hr. DP enters
each XME-S channel at a total volumetric flow rate of 6.78 L/ht, and enters the XME-L channel at
1.34 L/ht.

In order to ensure that these deliveries of CP and DP are continuous 24 hours/day for the
90 day process cycle, two sets of equipment are required. While one set of equipment is being
cleaned, another is in use. This includes all pumps, tubing, and delivery vessels for the CP and DP,
in addition to channel arrays themselves. It worth mentioning early on that DCM is a hazardous
organic compound that must be stored safely in equipment of proper material. While no reactions

occur in this process, heavy materials such as stainless steel, aluminum, or carbon steel are required.

Seven sanitary precision pumps with high-sensitivity pressure control valves are needed per
batch of CP input; six pumps (P-1) for the XME-S channel array and one for the XME-L channel
(P-2). As reported on the unit specification sheets in Appendix G, pump P-1 delivers 163.13 kg/hr
and each of the six P-2 pumps delivers 435.03 kg/ht as stteams FEED 3 and FEED 1, respectively.
The input to the six small particle-producing XME channels is aggregated as FEED 1. Both pumps
are made of Stainless Steel 316 and operate with a pressure change of 25 psi and at a temperature of
20°C. Pump P-1 operates with a power of 0.01 kW and its bare module cost is $2,900, and each P-2
pump operates at 0.20 kW and costs $3,200.

Sanitary precision pumps deliver DP to the chambers underneath the channel membranes so
that DP is continuously pushed through the pores at precisely 0.58 mL/hr in XME-S and 1.41
mL/hr in XME-L. This part of the process is depicted as FEED 2 via six units of pump UP-1 and
as FEED 4 via pump UP-2, respectively, on the PFD. Note that the input to the six XME-S
channels is aggregated as FEED 2. UP-1 delivers 1.465 kg/hr of DP to each XME-S channel and
UP-2 delivers 1.763 kg/hr DP to XME-L. Both pumps are Stainless Steel 316 and operate with
power 0.01 kW, pressure change 25 psi, and temperature 20°C. Each pump costs $1,600.
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6.2.2  Channel Output

After microparticle production in the channel arrays, the continuous phase is present as an
overwhelming proportion of the channel outflow volume. CP is not needed in further processing
steps, so it is ideal to remove it from the particles sooner rather than later. CP cannot be recycled
because all inputs in this process must be pharmaceutical grade, meaning that a CP with slightly
more DCM or any other changes is an inappropriate input. For these reasons, a substantial amount
of the CP solution of DCM, deionized water, and PVA is diverted immediately from downstream

process units.

By means of the flared channel geometry described in Section 5.4, denser particles moving
along the membrane surface remain undisturbed at the channel bottom while controlled suction
pressure draws the less dense CP flowing with a laminar profile from the top of the channel. From
the channel exit, 70% of the CP is drawn off via streams DIVERT 1 and DIVERT 2 in the PFD.
(Refer to Section 5.4 for a discussion of the feasibility of a 70% split.)

Centrifugal pump P-3 transfers stream DIVERT 1 to surge tank T-3 at a flow rate of 113.4
L/ht. It operates at a power of .01 kW, a pressure change of 25 psi, and at 20°C, and it costs $2,900.
Similarly, six P-4 pumps transfer stteam DIVERT 2 to surge tank T-3 at a flow rate of 302.4 L/hr at
a power of .19 kW, and P-4 also costs $2,900. Surge tank T-3 functions to deliver CP and dilute CP
to a continuous distillation column, and a discussion of this design and associated costs can be
found in Section 7.7.1. A more cost-effective design is also presented such that streams DIVERT 1

and DIVERT 2 are directed to a simple storage tank.

The other 30% of the CP plus the emulsified DP from the channels is taken to the next
process step continuously as streams OUTFLOW S and OUTFLOW L. These streams deliver the
product to an agitated vacuum tank with diafiltration (tanks T-1 and T-2 on the PFD), which
collects product for three hours before an operation stage of 12 hours as described in earlier Section

6.1. The process and operation details regarding this vessel are discussed later in Section 6.4.
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Four vacuum tanks are always in use per operating XME channel array such that particles
are collected and hardened simultaneously to prevent a process bottleneck. Referring to the Gantt
chart, 6 of these vacuum tanks are needed for continuous XME operation. When an XME channel
array finishes a batch throughput of CP and DP, it is taken out of commission for cleaning, and a
second XME channel array replaces it, the four tanks used for the previous throughput are still in
use for soaking the particles, and additional vacuum tanks must be used for collection during the

first 6 hours of operation such that a time is available for cleaning the previously used tanks.

6.2.3  Channel Startup and Shutdown

In order to ensure proper XME operation, the channels are given a two-hour startup period.
CP flows through the channels as it would during regular operation, and DP is initially jetted
through the pores to ensure throughput. The latter must be addressed in the validation phase of the
project, however. During startup, the channel outflow is collected in tanks, and operators involved
in quality control analyze the emulsified DP droplets for monodispersity and correctness of size.
The operators decide when the startup period is over, and the two hour period allotted for this
accounts for time needed for potential troubleshooting. At the time of channel shut-down, when a
second channel begins operation with a new batch of CP and DP, the CP is run through the first
channel for two minutes longer than the batch period to ensure that all droplets produced are taken

to the appropriate collection tank to await the next processing steps.

It is important to stress that a high-sensitivity control process be installed to measure particle
production rate and ensure that it is consistent with desired production values. A major merit of the
XME process is that particle size produced is not affected by potential pore clogging.' However, a
slower rate of particle production rate will impact the overall process; a weight ratio of small to large
particles (80:20) is required at the process end, and bottlenecks involving lags in weight produced for
either particle size should be avoided. See Chapter 5 for a detailed discussion of channel design as

relevant to ensure longevity and productivity of the XME process.
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0.3 Pre-Process Preparation

This section addresses the XME channel input needs specified eatlier in this chapter. CP and DP
must be prepared at exact composition in adequate amounts for delivery to the channel arrays, and

sanitary mixing tanks are scheduled to prepare and deliver inputs with startup operation in mind.
6.3.1 Continuous Phase Preparation

The continuous phase must be delivered to the XME channels at the constant rates mentioned in
Section 6.2. In order to achieve the desired production requirements, the following CP properties
are selected: 1.27% DCM by weight, 97.73% water by weight, and 1.00% PVA (88% hydrolyzed,
MW 88.00 kg/mol) by weight. At this composition, the CP is saturated with DCM, where the
solubility is 13 g/L water at room temperature and atmospheric pressure. The density of the solution

is 1.007 g/mL.

PVA solutions can be difficult to homogenize because PVA becomes very sticky when first
added to an aqueous phase. At least 8 hours are needed for complete mixing at room temperature
and atmospheric pressure for small volumes. For larger batch volumes, it is recommended that
agitators be operated at 90-98°C in order to ensure that the PVA is completely dissolved.” For this
step, 12 hours are scheduled for mixing tank operation. Two jacketed mixing tanks will be used to
prepare batches of CP in alteration, and these tanks are referred to as M-1 in the PFD and in Unit
Specification Sheets. With only 8 hours needed to prepare the solution, this leaves time for a pump
change from one tank to a channel array to another CP preparation tank delivering contents to
another channel array, for the 2 hour startup operation, and for tank sanitization. CP from tank M-1
nears depletion after 12 hours of pump operation, and new CP from a second mixing tank takes

over delivery to a new channel array.

As reported in Section 6.2, the desired flow rate of CP through the channels in order to
shear small and large particles is as follows: 120 mL/s to each of the six small particle channels and

45 mL/s to the single large particle channel. At this rate, approximately 33.1 m’> CP are required
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every 12 hours. In order to account for a 2 hour period of channel startup, where operators inspect
particle sizes produced in order to ensure monodispersity, 2 hours of additional CP will also be
prepared for a total needed capacity of 38.6 m’. Referring to the Gantt chart, this time occurs during
the last two of the 12 hours for which the CP remains in the mixing tank as part of the preparation

stage.

To accommodate reasonable volume percent for the agitation of tank contents, a 41.4 m’
agitator/storage vessel of height 4.3 m and diameter 3.5 m is selected. For a stainless steel jacketed
tank of this size operating at 95°C, the purchase cost is $82,200, according to ASPEN Process
Economic Analyzer. This ASPEN program is used to price all units in downstream processing in
conjunction with price quotes obtained from online suppliers to ensure up-to-date bare module

costing. (See Appendix D for a table of all units evaluated using the Economic Analyzer.)

As discussed previously in Section 6.2, after mixing in unit M-1 is complete, the CP is
transferred to the operating XME channel arrays via peristaltic precision sanitary pumps P-1 and P-2
as FEED 3 and FEED 1, respectively. The CP flows over the membranes in the two channel arrays,
shearing large- and small- microparticles from the continuous dispersed phase flow through the

membrane pores.

6.3.2  Preparation of Dispersed Phase

As discussed in Section 3.2, the molecular weight of poly(lactic-co-glycolic acid) (PLGA) used in the
dispersed phase influences the achievable particle size based on desired dosage and particle
degradation rate. A higher molecular weight polymer generates a sphere with a very long effective
lifetime, whereas lower molecular weight spheres allow for the production of larger diameter
microspheres while still maintaining zero-order release. Larger spheres allow for a much more
concentrated DP and thus greater throughput. However, because lower density spheres degrade
much faster, doses need to occur more frequently with lower concentrations of haloperidol. For
PLGA (50:50, 40,000 Da), the following composition was selected for the DP: 0.985% haloperidol
by weight, 8.319% PLGA by weight, and 90.696% DCM weight for a solution density of 1.32 g/ml..
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Both PLGA and haloperidol readily dissolve in DCM, and far less DP is needed per 12
hours of channel operation than CP. DP is made in volume batches needed for 12 hours of
microparticle production and 2 hours of channel startup, and this requires 96.0 L DP. Larger
batches of DP could be prepared, even for the entire 90 day process cycle which requires 17.27 m’,
but because the organic DP requires precise composition, and imperfect sealing over a period of
time and potential leaks must be considered, a batch preparation process for 12 hours of channel
operation is selected. Stainless steel mixing tank M-2 with nominal capacity 113.6 L is scheduled for
prepare DP for one hour before delivery to the channels for startup and then regular operation.
After 12 hours of microparticle production and when the DP is near depletion, a second tank
holding DP is connected to a new channel beginning production with a new batch of CP. Mixing

tank M-2 has a height of 0.94 m, a diameter of 0.53 m, and costs $2,310.
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0.4 Hardening Emulsified Droplets in a Vacuum Tank with

Diafiltration

The drying of residual solvents is usually the rate limiting step in pharmaceutical production.” A
method to achieve dry, hard microspheres without further shearing the emulsified DP droplets
formed in the microfluidic channel is a major design objective. It is also important to emphasize that
DCM removal from the emulsified particles present in streams OUTFLOW S and OUTFLOW L
must meet pharmaceutical standards set forth by governmental organizations. DCM can pose
significant health risks if ingested, and PVA adheres to the PLGA microparticles, affecting weight

distribution in packaging, so quality control is considered in detail in this section.

6.4.1  Operating Conditions for Solvent Removal

According to literature, #367

stirring channel outflow at 300-400 rpm, in combination with a vacuum
or increased temperature, is an efficient method of solvent removal in polymer microparticle
production. Evaporation of solvent, as compared to spray-drying, direct freeze drying, and extraction
processes, has a smaller effect on particle porosity and thus on drug release. Studies consistently
show that less initial burst occurs and that subsequent drug release is more prolonged in spheres

: : 10,11
processed with accelerated evaporation.™'"

While low temperatures are good for extraction due to
increased solubility of solvent, higher temperatures are of course more practical for solvent
evaporation. Additionally, the viscous boundary, or glass transition state, is achieved more quickly at

higher ternperatures.12

At atmospheric pressure, the boiling point of DCM is approximately 40°C, and at this
temperature, DCM solubility in water is 27 g/I. and the vapor pressure is 800 mmHg." Freitas et al
(2005) compared two methods, increasing temperature to the boiling point and reducing pressure
below the vapor pressure, for speeding PLGA microparticle hardening and DCM removal. The
study determined that under a 420 mmHg vacuum for 2 hours, DCM is removed completely. The
reduced pressure does not affect drug release rate or drug encapsulation in scenarios relevant to this
report. Additionally, when temperatures are increased to 40°C, drug encapsulation is not affected.

Rapid temperature changes, however, cause the polymer sphere wall thickness to decrease, resulting

122



in more hollow microparticles where drug diffusion can occur more readily, potentially leading to a
high initial burst upon intramuscular injection. (See Section 2.3 for a discussion of polymer matrix
properties and effect on controlled release.) In contrast, a gradual temperature change maintains the

polymer matrix."*

6.4.2  Function of Salt during Particle Solidification

To further harden particles, a number of studies utilize solvents that tighten the PLGA polymer
matrix before complete DCM removal. In the particle, kinetics of the cross-linking reaction and the
volume loss due to solvent diffusion should be balanced by the solvent extraction solution selected.

1> Some of these

Examples of solutions used include sodium oleate, 2 M CaCl, and 1 M HC
solvents significantly decrease the release profile lengths, especially at such high concentrations.
However, salt is needed in the process to prevent particle aggregation during the hardening

1,3
process.”

Salt solution helps promote the aggregation of a gel-like layer of PVA coating on the outside
of the PLGA microparticle, which prevents the leeching of haloperidol. PVA conjugation to PLGA
in solution strongly depends on the ionic species present and its hydration enthalpy.” A high
hydration enthalpy implies that the salt ion is more likely to participate in hydration versus in

complex with PVA.

While the aggregation of PVA prevents the leeching of haloperidol into solution during the
hardening process, it can also inhibit the movement of DCM out of the particle. This highlights the
importance of creating a layer of PVA that is neither too thick nor too thin; this is accomplished by
choosing an appropriate concentration of salt that promotes the aggregation of PVA in a sufficient
quantity. The selective quality of the PVA layer is due to the difference in characteristic radius of
DCM versus haloperidol, which is a much larger, more complex molecule.'” PLGA is assumed to

have no tendency to leave the particle due to its significantly larger radius.

Studies indicate that a 0.5 M solution of NaCl is enough to prevent leeching of the target

drug into solution, while still allowing for sufficient passage of DCM so as not to extend the drying
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time."” Post-hardening, it is necessary to remove any remaining salt and PVA remaining on the

particles, necessitating a rinse step.

6.4.3 Effects of Residual PVA

While the removal of salt is easily affected by simply rinsing the hardened particles with deionized
water, the removal of PVA required additional analysis. There are two locations in which PVA exists
in the hardened microparticle suspension: free in solution, and adhered to the surface of the
particles. PVA free in solution, like salt ions, is easily removed via rinsing. The PVA itself tends to

conjugate with the PLGA, making it impossible to remove completely.17

PVA is nontoxic to the body, and it is therefore unnecessary to remove it entirely from the
finished particles. It is, however, still important to quantify the amount of residual PVA in the
particles. The final packaging of doses requires a precise combination of small and large particles by
weight. This precise weighing, as discussed in Section 3.2, ensures that the ratio of small to large
particles is that which produces a zero-order release, and it also ensures that each dose contains an
appropriate amount of drug to effect the optimal therapeutic blood serum concentration for a
month-long period. Thus, the increase in weight of the particles must be used to adjust the doling

out of both small and large particles by weight into single dose ampoules.

According to one study, PLGA particles that use DCM as the primary solvent retain PVA as
a percentage of overall weight (weight of PVA /weight of particle and PVA) of 6.15%%0.35."° This
indicates that an upward mass adjustment of 3.375x10* mg and 1.969x10* mg per small and large
particle, respectively, during the packaging step. Originally, 4.249 g of combined particle sizes was
considered one dose, and removing 6% of the haloperidol, a dose size becomes 4.222 g. Now, an
additional 9.545 mg of small particles and 1300.10 mg of large particles will be weighed out per dose,

for a final small particle to large particle weight ratio of 85:15 and total dose weight of 5.532 g.
The coating of PVA is inherent in the experimental drug release profiles that were used to

generate the Raman model that is used here to build a drug release model, as discussed in Section

3.1. Therefore, no modification of the drug release profiles generated previously is necessary.
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6.44 Vacuum Tank Design

We now translate the methods used in literature to a three-prong approach for solvent removal and
particle hardening in which a vacuum, increased temperature, and diafiltration are combined in one
step. The two OUTFLOW streams from XME-S and XME-L containing microparticles emulsified
in CP enter two different vacuum tanks, T-1 and T-2, respectively, where they are gently stirred and
diafiltration is performed using a cross-flow filter set up. For one hour, CP is continuously extracted
from the tank bottom through a continuous flow filter and 0.5 M NaCl is simultaneously added at
the same rate. Hardened particles sink to the bottom of the tank while DCM-rich particles remain in
suspension above the filter. As the tank temperature is gradually increased to 40°C and at 420
mmHg, DCM in the droplets is extracted into the CP solution or evaporated. The one hour time
step is selected based on studies in literature where either increased temperature or reduced
pressured were used to evaporate DCM for anywhere between 2 hours to 6 hours."* Combining
both of these stages with diafiltration implies a reduced time needed for DCM removal, although the

allotted time period may be adjusted if this is found necessary during the trial process.

After DCM removal, a rinsing step follows for a half hour during which particles settled on
the filter basket are washed with deionized water to remove salt and residual PVA. A soaking period
of 10 hours at 40°C and high agitation removes 6% of the particles’ haloperidol content to eliminate
an initial burst in the release profile, as discussed in Section 6.1. Figure 6.5 on the next page shows a

tank representative of the vacuum tanks used in this process with all input and output streams.
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CP and Wastewater

Figure 6.5. Schematic of Jacketed Mixing Tank with Diafiltration and Vacuum. At high temperature and
reduced pressure, DCM vapor leaves the vessel as salt solution is used to harden the particles, which fall into
the filter basket. Particles are then rinsed with deionized water and then soaked in high temperature water.
Waste from is pumped from the bottom of the vessel.

The semi-batch vacuum tank is scheduled to accommodate a residence time of 11.5 hours
plus an additional half hour for particle transfer from the vacuum tank filter to the freeze-drying
step. Continuously produced microparticles are collected and then transferred to a vacuum tank on a
3 hour basis, and particles at the end of the soaking stage are collected per CP batch before freeze-
drying. Referring to the Gantt chart, it is visible that 4 tanks are therefore needed per channel array
during operation, and over a 24 hour period, at least 6 tanks are needed per operating XME channel

array to accommodate time for tank sanitization.

126



6.4.5 Stream and Equipment Specifications

Referring now to the PFD, vacuum tank T-1 receives stream input OUTFLOW S for a three hour
period, and then diafiltration with stream NACL 2 containing 0.5 M NaCl solution for one hour.
After rinsing by stream WATER 2 containing deionized water for 30 minutes, and diafiltration by
water stream SOAK 2 for 10 hours, the product is small particle-rich retentate ready for transfer to
freeze-drying via stream DRY S. The CP and water vacuum-pulled from the tank is taken to surge
tank T-3 via stream DIVERT 4 and pump P-6 for distillation. The haloperidol and water introduced
during the soaking period is collected separately in collection tank T-5 as stream DIVERT 6 via
pump P-8. This stream does neither contains organic phase nor does it require separation. Rather, it

just needs wastewater treatment and as such, is stored in tank T-5.

Vacuum tank T-2 hardens large particles in the same fashion, with input streams
OUTFLOW L, NACL 1, WATER 1, and SOAK 1, and outputs DRY L, CP-water stream DIVERT
3, and haloperidol-water stream DIVERT 5, where DIVERT 3 is delivered to surge tank T-3 via
pump P-5 and DIVERT 5 is delivered to collection tank T-5 via pump P-9. The large particle-rich
retentate is then taken to the lyophilization step separately. For stream flow rates and compositions,

refer to Table 6.1 in Section 6.6.

Both vacuum tanks are stainless steel jacketed vessels ready for operation at primarily 40°C
and 420 mmHg. Tank T-1 has a volumetric capacity of 350 L, height of 1.25 m, and diameter of 0.60
m, and its purchase cost is $12,100. Tank T-2 has a capacity of 6.19 m’, height of 3.5 m, diameter of
1.5 m, and cost of $35,500. All pumps used here in conjunction with these vacuum tanks are
centrifugal and made of Stainless Steel 316. Pump P-5 operates at a power of 0.01 kW, delivering
97.0 L/ht to surge tank T-3 while P-6 operates at 0.38 kW and delivers 1818.7 L/ht to the same
tank. P-5 costs $2,900 and P-6 costs $3,300, and both pumps operate at 20°C and have a pressure
change of 25 psi and fluid head of 9.14 m. It is important to note here that six pumps of both types
are needed for continuous microparticle production, as one pump is needed for each type of the 6

vacuum tanks. Details for surge tank T-3 are given in Section 6.5 with additional stream inputs.

Collection tank T-5 has a volumetric capacity of 8.24 m’, height of 2.7 m, and diameter of

2.0 m, and its purchase cost is $22,500. Pumps P-8 and P-9 operate continuously for the 10 hour
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period for which haloperidol-water solution is removed from the vacuum tanks. Six of each of these
pumps is needed as well. P-8 delivers 24.23 L/hr with a power of 0.01 kW and P-9 delivers 387.6
L/hr at power 0.19 kW. Both pumps shatre other temperature, pressure, and fluid head conditions
with P-5 and P-6. P-8 costs $2,900 and P-9 costs $3,200.

The weight fraction of DCM in streams OUTFLOW S and OUTFLOW L is 0.013, while
the weight fraction solubility of DCM in water in the vacuum tank’s temperature and pressure
conditions is 0.027. All DCM from the CP in the OUTFLOW streams is thus assumed to leave the
tanks in the continuous retentate removal. DCM in the emulsified DP droplets leaves the tanks after
evaporation through the vacuum chamber. The small amount of DCM can be condensed and sold

on the market or disposed of according to environmental and governmental standards.

0.4.6  Quality Control

Particles hardened in the vacuum tanks are removed after the 11.5 hour operation process. The filter
baskets on which the particles settle are removable from the tanks, and the now virtually
unbreakable particles can be transferred to freeze-drier F-1. Since particles are removed from the
tanks in 4 batches per 12 hour operation period of an XME channel array, particles may be stored
before reaching this next step. However, before all particles are lyophilized and packaged, they must
be inspected for safety and to ensure that the product meets pharmaceutical standards for good

manufacturing practice.

First and foremost, the removal of DCM must be verified. As a toxic substance, certain
concentrations of DCM in the particles can seriously harm a patient injected with the polymer
encapsulated drug (see MSDS report in Appendix G). The maximum allowable concentration of
DCM in pharmaceutical products is 500 ppm, according to the U.S. Environmental Protection
Agency (EPA)." Particles not meeting this standard will be sent through the vacuum tank stage

once more and tank operation will also be inspected for proper function.

Second, the NaCl must be completely washed from the particle surfaces. Any remaining ions
add weight and detract from the quality of the product. Operators working in quality control will

ensure that no substantial salt remains and that any PVA coating the particles has conjugated to the
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PLGA polymer matrix. To verify proper particle distribution by weight further downstream, the
weight of PVA per particle weight may be investigated for both particle sizes to meet the

calculations presented in Section 6.4.3.

As this occurs, particle size will also be verified. Here, monodispersity of particles and
appropriate diameter will be ensured for the dry particles. Satellite particles or aggregated particles

will be investigated and a batch may be filtered to remove such deposits.

Perhaps the most important aspect of quality control is the verification of appropriate
haloperidol content in the particles. The haloperidol exiting the vacuum tanks should approximate
94% of what entered the tank from an XME channel array. Each dose must contain 387 mg of
haloperidol, or 10.59% weight percent of a total dose; a small particle should contain 5.453x10™ mg
haloperidol and a large particle should contain 3.182x10” mg haloperidol. If the drug content is not
of proper concentration within a particle, then the downstream process may need further design

specifications and may be altered accordingly.
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6.5 DCM Removal by Continuous Distillation

In this section, we turn our attention to streams DIVERT 1-4, which transfer CP and dilute CP to
surge tank T-3 toward a continuous distillation process. Originally, a separation of DCM from water
waste and sale of DCM was targeted as the best manner of waste disposal from the XME process.

This is not the case, however, and an alternative waste disposal method is presented.

PVA, which is highly soluble in water, is an environmentally safe compound for disposal.’
DCM, however, has serious health and environmental effects and must be handled with care, and
strict EPA standards must be followed for disposal. Concentrated DCM may be sold to paint-
thinner companies or elsewhere for a profit, but at a purity of below 90% is not saleable on the
market. Continuous distillation was selected as a separation process to achieve a bottoms product of
water with trace DCM and containing almost all of the heavy PVA polymer and a distillate product

of saleable DCM.

For reference in the following discussion, Figure 6.6 is presented as an expanded view of the

portion of the PFD capturing the distillation process and all involved units and streams.

DIVERT

DIST

T-3

&

CP-DIST

P-7

Figure 6.6. Distillation Process. This is an expanded view of the continuous distillation of diverted CP and
dilute CP taken from the PFD. DIVERT streams 1-4 are indicated simply as “DIVERT” in this diagram.
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The distillation was simulated in ASPEN PLUS using batches of mass flow rates on a 1.5
hour basis; streams DIVERT 1 and DIVERT 2 enter surge tank T-3 continuously for 1.5 hours, and
during this period, a full volume of CP diluted with 0.5 M NaCl and water from the vacuum tanks
will finish accumulating in the same tank. At 1.5 hour intervals of total volume accumulation in the
tank, the contents are fed to storage tank T-4, which continuously feeds distillation column D-1 via
centrifugal stainless steel pump P-7 operating at .38 kW with pressure change 25 psi for a flow rate
of 5138.1 L/hr. The two tanks here allow the distillation column to be fed a constant composition
and flow rate of feed. Feed from T-4 to D-1 is staggered from the surge of dilute CP from T-3 to T-

4 to avoid depletion of distillation column input.

The input summary and simulation results for this scenario are reported in Appendix E.
According to the results, a trace amount of DCM is found in bottoms water/PVA product stream

BOTT. The DCM concentration regulation for disposal of this solution is .004 mg/L water."”

To yield the desired DCM-free bottoms product from the distillation column, and to operate
with the desired reflux ratio of 1, the distillation column is designed to have a height of 6.40 m and a
diameter of 0.85 m. Trays required for the separation is 10, and feed enters at tray 5. The unit has a
purchase cost of $160,500. The additional units necessary, tanks T-3 and T-4, and pump P-7, cost
$55,900, $56,800, and $3,300, respectively. Tank T-3 has a capacity of 48.11 m’, height of 5.0 m, and
a diameter of 3.5 m, and tank T-4 has has the same capacity, height, and diameter, but as a
continuous vessel, costs less. The distillation tower products also require storage tanks for both the
distillate and bottoms products, S-1 and S-2, respectively. S-1 has capacity 4550 L, height 4.02 m,
diameter 1.20 m, and costs $17,200. S-2 has capacity 9360 L, with height 5.3 m and diameter 1.5 m,

and costs $20,200. All equipment discussed here is constructed of Stainless Steel 316.

In order to achieve a higher purity DCM product, one scenario was modeled in which the
distillate was condensed and then decanted at high pressure and low temperature. However,
changing the temperature and pressure parameters did not make a significant difference in either
water or DCM purity since DCM is miscible in water. Thus, the process was not considered
financially feasible, so further processing of the distillate is not recommended. In fact, after a cost
analysis of the distillation column in Section 7.7.1, and realizing that the distillate DCM product

cannot easily be sold on the market, it is overall more productive to simply transport combined
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waste from all the DIVERT streams to a wastewater treatment facility. This only requires a storage

container similar to tank S-1 and transportation costs discussed in Section 7.7.1.
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0.6 Freeze-drying and Packaging

Lyophilization of the particle-rich retentate from the vacuum tank step occurs in a semi-batch
manner. Transfer of streams DRY S and DRY L to a freeze-drying unit serves to remove wash fluid
adhering to the microparticles’ surface. Complete drying of particles has been successful as the
following conditions: -70°C under vacuum at 0.1 mmHg for 10 hours, followed by vacuum-drying at

.
room temperature for 1 hour.”

A 10 hour drying time is selected for the 4 batches of particles
obtained from vacuum tanks collecting particles from a single XME channel array that operates for
12 hours. The Gantt chart shows that 24 hours after a channel begins producing particles for

collection, lyophilization begins for that entire given production batch.

Industrial freeze-drying unit F-1 has a 60 L capacity when operating at the aforementioned
temperature and pressure conditions and costs $§99,950. Two of these industrial freeze-dryers are not
needed to schedule cleaning, or defrosting, during the 90 day process cycle because the time during
the continuous XME process for which they are not use is sufficient for this. The small and large
particles will be lyophilized separately such that when completely dry, they can be mixed for

packaging at the appropriate weight ratio discussed in Section 6.4.3 by an ampoule filling unit.

The particles are combined in 6 parts 20 um diameter particles and 1 part 36 pm diameter
particles by weight. They are dispensed into vials of individual dose weight, so that a single dose of
5.559 g of microparticles can be administered to a patient. Each dose requires .06125 g of dried PBS

media, to be resuspended in 5 mL of water before intramuscular injection.

At the production levels described, 500,000 doses are manufactured during the process cycle,
so 500,000 ampoules must also be purchased. These ampoules are filled by particle distributor A-
linto dose-size vials after the freeze-drying step. Unit A-1 fills 80-150 ampoules/minute with 3%
precision and costs $1,055,000. Ampoules are vacuum-sealed and stored in a dark location at or

below room temperature.
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6.7  Streams Summary

This section details all streams in the process, providing all mass flow rates in and out of all process
equipment with the exception of pumps. The table also serves as a mass balance check and as a

check for desired overall haloperidol production per 90 day cycle.

Table 6.1. Streams Summary and Throughput Analysis.

Stream Unit-out Unit-in Component Flow rate
FEED 1 S-1 Small-particle total 2610.144  kg/hr
CP Storage Tank channel array DI Water 2550.894
PVA 26.101
DCM 33.149
FEED 2 M-2 N Small-particle total 8.791 kg/hr
DP Mixing/Storage channel array PLGA 0731
Tank
Haloperidol 0.087
DCM 7.973
FEED 3 S-1 Large-particle total 163.134  kg/hr
CP Storage Tank channel array DI Water 159.431
PVA 1.631
DCM 2.072
FEED 4 M-2 . total 1.763  kg/hr
o Large-particle
DP Mixing/Storage channel array PLGA 0.147
Tank ’
Haloperidol 0.017
DCM 1.599
OUTFLOW S Small-particle channel T-1 total 57.731 kg/hr
array CSTR - small PLGA 0.731
particles
Haloperidol 0.087
DI Water 47.829
PVA 0.489
*includes emulsified smaller particles DCM* 8.595
OUTFLOW L . T-2 total 784.806 kg/hr
Large-particle channel
array CSTR - large PLGA 0.147
particles
Haloperidol 0.017
DI Water 765.268
PVA 7.830
*includes emulsified larger particles DCM* 11.544
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Stream Unit-out Unit-in Component Flow rate
DIVERT 1 Large-particle channel ~ T-3 total 114.194  kg/hr
array Surge Tank DI Water 111.602
PVA 1.142
DCM 1.450
DIVERT 2 Small-particle channel ~ T-3 total 1827.101  kg/hr
array Surge Tank DI Water 1785.626
PVA 18.271
DCM 23.204
NACL 1 -- T-2 total 775.213  kg/hr
giggéslarge 0.5 M NaCl 775.213
NACL 2 - T-1 total 48.451 kg/hr
E;Egéssmall 0.5 M NaCl 48.451
WATER 1 - T-2 total 193.803  kg/30 min
g:rzge'sla‘ge DI Water 193.803
WATER 2 - T-1 total 12.113  kg/30 min
g:rgge'ssma“ DI Water 12.113
SOAK 1 -- T-2 total 387.606 kg/hr
g:’rgﬁe'slarge DI Water 387.606
SOAK 2 - T-1 total 24.225 kg/hr
Eaigﬁéssmau DI Water 24225
DIVERT 3 T-2 T-3 total 1067.386  kg/3 hrs
CSTR - large particles ~ Surge Tank DI Water 288.840
PVA 1.468
DCM 1.865
0.5 M NaCl 775.213
DIVERT 4 T-1 T-3 total 4723.219  kg/3 hrs
CSTR - small particles ~ Surge Tank DI Water 4621.443
PVA 23.491
DCM 29.834
0.5 M NaCl 48.451
DIVERT 5 T-2 T-5 total 387.609  kg/hr
CSTR - large particles DI Water 387.606
Haloperidol 0.002
DIVERT 6 T-1 T-5 total 24238  kg/hr
CSTR - small particles DI Water 24.225
Haloperidol 0.012
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Stream Unit-out Unit-in Component Flow rate
CP-DIST T-4 D-1 total 15216.178  kg/hr
Storage Tank lg(i)sltlﬂ;aﬁion DI Water 9225.568
PVA 87.632
DCM 5902.978
DRY L T-2 F-1 total 0.510  kg/3 hrs
CSTR - large particles ~ Freeze-dry DI Water residual
PLGA 0.433
PVA 0.032
Haloperidol 0.045
DRY S T-1 F-1 total 2.542  kg/3 hrs
CSTR - small particles  Freeze-dry DI Water residual
PVA 0.159
PLGA 2.160
Haloperidol 0.223
PRODUCT-L F-1 A-1 total 2.039 kg/12 hrs
PVA 0.127
PLGA 1.733
Haloperidol 0.179
PRODUCT-S F-1 A-1 total 10.168  kg/12 hrs
PVA 0.634
PLGA 8.640
Haloperidol 0.894
Total particles produced per 90 day process cycle
Large (50 pm diameter) 367.039 kg
Small (20 pm diameter) 1830.224 kg
Total haloperidol encapsulated 193.114 kg
Total haloperidol per dose 0387 ¢
Weight particles per standard dose 5559 ¢
Number doses produced 500,000 per process cycle
Large:small particle weight percent ratio 15:85
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Chapter 7: Economic Analysis

7.0 Introduction

This chapter divides the overall economic implications of the haloperidol controlled release product
and XME platform into the following segments: market analyses, profitability analysis, and
sensitivity analyses. The market analysis first focuses broadly on the antipsychotic market, and then
narrows to an analysis of the schizophrenia market. A comparison of the two drug classes (atypical
and typical) within these sectors is presented and used to estimate a projected market share capture
of the haloperidol controlled release product. This market share is derived from erosion of the
atypical antipsychotic sector, and capture of share in the typical sector, where haloperidol is classed.
A profitability analysis is then presented, including summaries of fixed costs, variable costs, and cash
flows, and then culminates with the presentation of net present value (NPV) and internal rate of
return (IRR) as profitability metrics. The robustness of these profitability metric is then analyzed in a
sensitivity analysis, which examines ‘worst-case’ and ‘best-case’ scenario options for the haloperidol

product.
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7.1 Antipsychotic Market Analysis: Unmet Needs, Disease and

Drug Classifications

The global antipsychotic market is valued at approximately 19 billion USD, and is a declining
market, due to both its maturity and the increasing cost constraints brought on by generic
competition. The market is expected to decrease in value significantly in the upcoming ten years, due
to the patent expiry of Zyprexa and Seroquel, with annual revenues of 3.9 billion and 5.0 billion,
respectively. This opens up the field considerably for new generic imitators, especially in the U.S.,
where the FDA, government regulation, and legal outcomes point towards increasingly receptive

attitudes towards generics.'

The antipsychotic market is composed of four major disease classes and two antipsychotic
drug classes. The disease classes are schizophrenia, bipolar disorder, depression, and anxiety
disorders. There is significant cross-over between these classes, most notably depression and anxiety
disorders, which are often co-morbid to other classes. The two major drug classes are typical
antipsychotics (N5A9) and second-generation atypical antipsychotics. Typical antipsychotics were
first introduced in the 1950s to treat a wide variety of disorders, but are often associated with poor
tolerability and severe side effects like tardive dyskinesia and Parkinson-like syndromes. Atypical
antipsychotics were developed with pharmacological properties in mind, and are generally active or
partially active on multiple receptors. Atypical antipsychotics generally have improved side-effect

profiles and higher efficacies than their first generation antecedents.’

140



Sales, Sales, CAGR 2009-
$000s 2009 2018f 2018 Market Share, 2018f (%)
Atipical Antipichotics 18,347 14,896 -2.3 93.4%
Seroquel 4,984 595 -21 3.7%
Zyprexa 3,861 979 -14.1 6.1%
Abilify 4,144 973 -14.9 6.1%
Risperdal 850 473 -6.3 3.0%
Risperdal Consta 1,088 384 -10.9 2.4%
Geodon 1,054 138 -20.2 0.9%
Invega 397 134 -11.4 0.8%
Seroquel XR 267 204 -2.9 1.3%
Atypical Generics 1,395 7,532 20.6 47.2%
Other Atypicals 307 3,484 21.9%
Tiiical Antiiichotiw 668 1,049 5.1 6.6%
Haloperidol 30 25 -1.9 0.2%
Typical Generics 208 235 1.4 1.5%
Other Typicals 430 789 4.9%
Total* 19,015 15,945 -0.1 100%

2009 - 96.5% (Atypical), 3.5% (Typical)
*7MM (US Japan, France, Germany, Italy, Spain, UK)

Table 7.1. Top Selling Drug Brands in the Antipsychotic Category.1

There are several features that are important to note. First, the antipsychotics with the
highest revenues are primarily indicated for schizophrenia. Second, the typical and atypical generics
sectors are the sole sources of growth for the market. It is interesting to note that the typical
antipsychotic market is also projected to increase, a finding that has several implications. It suggests
that the pipeline for atypical antipsychotics has limited prospects, either from a price
competitiveness point of view, or limited clinical improvements. The primary drivers in typical
antipsychotic sales are reformulations and improvements on current drugs, such as extended release
and formulations targeted at increasing patient compliance. The increasing availability of extended
release formulations has increased demand for depot formulations of drugs, as a way of ensuring
patient compliance. Previously, injectable formulations were used primarily for acute situations only,
and were financially and logistically impractical for long-term use outside of a primary care facility.
This is yet another bolster for typical antipsychotics, most of which have long since lost patent

protection and are now manufactured by a variety of generics. While there are some big
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pharmaceutical companies that have in-house drug delivery developments, the truly specialized
technologies continue to lie outside of big pharma. These firms work with off-patent drugs due to
the difficulty and reduced revenue share achieved when working with licensed products. Newer
technologies also tend to work with off-patent drugs as models, giving them a headstart when it

comes to accelerating to the manufacturing stage.
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7.2 Schizophrenia Market Analysis: Symptoms, Prognosis,
Economic Burden, Prevalence, and Impact of a Controlled Release

Formulation

Within the antipsychotic market, schizophrenia is one of the single largest disease classes, valued at
5.7 billion, approximately 30% of the total antipsychotic market. Schizophrenia is a very mature
market, having a variety of blockbuster drugs that draw their revenue primarily from this market.
This market is subject to the same price competitiveness and draws from largely the same pipeline as
the overall antipsychotic market, and therefore looks to the same sources of innovation to combat

those forces.”

Symptoms and Prognoses. Schizophrenia is a complex mental disorder marked by a lack of
normal emotional responses, reality perception, and logical thought. These symptoms occur in
varying degrees for each patient, and the severity of symptoms dictates the level of care and
autonomy that is recommended. The root causes of the disease are yet unknown, but it most
commonly onsets in the early teen to young adult years, though there are instances of childhood-
onset schizophrenia, though these are rare. There are several types of schizophrenia, including
paranoid, disorganized, catatonic, and undifferentiated. Regardless of type, there are currently no
medical tests to diagnose schizophrenia, and patients are examined by psychiatrists to diagnose the
condition. Schizophrenia is a life-long illness, and the majority of patients need to stay on

antipsychotic medication for life.?

The table below summarizes prognoses for schizophrenia patients. For those patients that
have already completed 10 years of treatment, 25% experience a full recovery. After that mark, only
10% of that original population experiences improvement, but are still unlikely to make a full
recovery. The question of whether these statistics represent only the progressive and variable nature

of the disease, or rather a flaw in cutrent treatments is indeterminate.*
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10 Years Time Post-Diagnosis 30 Years
25% Complete Recovery 25%
25% Improved: Relative Independence 35%
25% Improved: Require Extensive Support Network 15%
15% Unimproved: Hospitalized 10%
10% Dead (Mostly Suicide) 15%

Table 7.2. Future Prognoses of Schizophrenia Patients.*

Schizophrenia Population/ Prevalence. The population of people with schizophrenia is expected to
increase to 5.0 million, from 4.5 million. The increase in global prevalence is estimated at roughly
31,329 new patients per year, with 24,702 of those new patients being diagnosed in the U.S. This
accounts for 78% of the total influx of new patients. The U.S. also has the largest population of
schizophrenia, at 2.1 million, which amounts to 46% of global incidence. The next highest incidence
is dramatically lower, in Germany with 552 thousand patients, followed by Japan with 530 thousand
patients. The U.S,, therefore, is the market that will allow for the greatest access to patients. An
entrance into the U.S. market will immediately allow for 46% of the overall schizophrenia
population, pending approval of the drug from the Food and Drug Administration (FDA). Access
to the remaining 54% of the schizophrenia population will be achieved upon approval from the
European Medicines Agency (EMA) and the Japanese Pharmaceutical and Medical Devices Agency
(PMDA), the FDA equivalents in the EU and Japan. Approval from these two agencies after FDA
approval is historically guaranteed; therefore approval from the FDA can be simplistically

considered as allowing access to the entire market. >

Global incidence of schizophrenia is estimated at approximately 24 million, according to the
World Health Organization (WHO). However, of that population, only 4.6 million are diagnosed
and treated, only 19.1% of the total affected. Of those 4.6 million, 99.98% live in the seven major
markets (7MM), which consists of the U.S., Japan, France, Germany, Italy, Spain, and the UK. Only
0.02% of treated patients live outside of these major economic zones, implying a huge dearth of

treatment in many countries. These countries fall into two archetypes: the first, countries with
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underdeveloped healthcare systems and a lack of healthcare professionals and the second, countries
where individuals with mental illness face intense social stigma. When the cost of schizophrenia is
considered, it becomes apparent why only first-world countries can afford to extend proper care to

this population.™

The Economic Burden of Schizophrenia. The cost of schizophrenia outside of the U.S. is not well-
documented, as a result, the U.S. is taken as a model for costs globally, although it is likely that there
is significant variation across countries. The overall cost of schizophrenia in the United States,
estimated in 2002, was 62.7 billion USD. This cost is composed of three different categories: direct
healthcare costs, direct non-healthcare costs, and excess indirect costs. Direct healthcare costs are
broken down into outpatient care, inpatient care, long-term care, and drugs. Inpatient costs are
associated with the most severe cases of schizophrenia, and severity decreases as patients shift to
long-term care, still under supervision, and finally outpatient care, where patients are either living
independently or under light supervision. Direct non-healthcare costs care composed of costs from
law enforcement, homeless shelters, and research and training of staff for schizophrenia. Indirect
costs quantify the societal impact of the disease from loss of productivity, and include the costs of
increased unemployment, reduced workplace productivity, premature mortality from suicide, and

. . . . 2 7
family member caregiving time. A6,

$ billion USD
Overall Cost 62.7
Direct Healthcare Costs 22.7
Outpatient Care 7.0
Inpatient Care 2.7
Long-term Care 8.0
Drugs 5.0
Direct Non-healthcare Costs 7.6
Indirect Costs 32.4

Table 7.3 The Economic Burden of Schizophrenia in the United States in 2002. These costs were calculated in

2002, and have increased, as a result of the worsening economy and the increase in CPI during the aftermath
of the 2008 financial crisis.*’
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Impact of a Controlled Release Formulation. With a chronic condition such as schizophrenia, it is
important to maintain consistency in order to avoid relapses, whether those come at the hands of
too little, or too much, drug. Studies show that increasing numbers of episodes and relapses in
schizophrenia gradually and significantly damage the brain, dramatically increasing the likelihood of
permanent impairment. This increasing level of impairment is directly associated with loss of
independence, and ultimately a higher cost burden per patient. Taking into account these symptoms,
the merits of a controlled release formulation that effects a constant concentration of drug in the
body are clear. The product explored here helps to ensure the regulation of drug concentration in
the body, reducing overall relapses, side effects, and giving the patient the best chance at making a
recovery and regaining some of their former autonomy. Here, an evaluation of the potential

healthcare savings per patient as a result of a controlled release formulation is presented.7

Using the estimated cost of schizophrenia, the incidence of schizophrenia in the U.S. in
2009, and the median household income from 2006-2010, a cost per patient was calculated,
adjusting for changes in the value of USD. The average cost per schizophrenia patient is 29,759

USD, which accounts for 57% of the median household income in the U.S.?

Incidence of Schizophrenia in the U.S. $ 2,106,900
Overall Cost Burden $ 62,700,000,000
Cost per Patient $ 29,759
Median Household Income, 2006-2010 $51,914
Cost per Patient, % of Household Income 57%

Table 7.4. Important Cost Burden Metrics for Schizophrenia.>$

Utilizing the same costs, the cost savings associated with an improvement of a patient from
inpatient to long-term to outpatient are calculated. First, seven locations are presented and
categorized into inpatient, outpatient, or long-term, along with an estimated percentage of the total
U.S. schizophrenia population in that location. This percentage is then converted to a total

population count, using the total U.S. schizophrenia population in 2009.
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Percentage Population Location Categorization
6% 126,414 | Homeless or Shelters Outpatient
6% 126,414 | Jail Outpatient
5% 105,345 | Hospitals Inpatient

10% 210,690 | Nursing Homes Long-term
25% 526,725 | Supervised Housing Long-term
25% 526,725 | Family Member Outpatient
23% 484,587 | Independent Outpatient
Inpatient
5%
Long-term
35%
Outpatient
60%

Table 7.5. Living Situations of Schizophrenia Patients. 4 This breakdown of the locations of patients was used
to calculate a cost per patient based on the cost burdens presented in Table 5.3 for each of these categories.

From here, the total populations in each category are aggregated, and evaluated alongside the

estimated costs of each category, to present a cost per patient.

Category | Population Cost per Patient
Inpatient 105,345 $ 25,630
Long-term 737,415 $ 10,849
Outpatient | 1,264,140 $ 5,537

Table 7.6. Estimated Population and Costs of Inpatient, Long-term, and Outpatient Categories of Patients
Suffering from Schizophrenia.?4
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Cost savings for a patient moving from inpatient to long-term and finally outpatient are
14,781 USD and 5,311 USD for each step, respectively. The total cost savings for a move from

inpatient to outpatient care is 20,093 USD. These costs will be used in Section 7.5.4.
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7.3 Atypical and Typical Antipsychotic Drugs: Clinical Outcomes

There is significant debate over the effectiveness of atypical antipsychotics over typical
antipsychotics. When the first atypical antipsychotic, clozapine, was discovered in the 1950s, it was
lauded as having a superior side effect profile compared to typical antipsychotics. In particular,
atypical antipsychotics’ ability to treat mental diseases without putting patients at risk for known
long-term serious side effects like tardive dyskinesia, was considered a huge step forward. Later
atypicals also claimed to have improved time to onset, and were, for a time, generally accepted as the

first line of treatment for illnesses like schizophrenia.g

However, this black and white view of atypical and typical antipsychotics does not elucidate
all the relevant details. There are studies that show that atypical antipsychotics, like typicals, also
cause extrapyramidal symptoms (movement disorders, characterized by uncontrollable tics or
rigidity). They are also linked to weight gain, a symptom that negatively impacts the patient and is
thought to contribute to relapses. A study comparing atypicals to typicals was completed in 2008,
and showed similar rates of rehospitalizations and length of hospital stay. The higher cost of the
atypical antipsychotics was not reflected in savings from reduced inpatient care, except in the most
severe cases of schizophrenia. There is a need for further clinical studies to assess the comparative

efficacy of the two drug classes.
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7.4 Projected Market Share Capture of Atypical and Typical

Antipsychotic Sectors

Haloperidol is marketed both under the name brand Haldol® and as generic haloperidol. Similatly,
haloperidol decanoate is sold as Haldol® Decanoate and as a generic. The revenues of haloperidol
in the antipsychotic market and the schizophrenia market have been projected in Table 5.7. In this
analysis, the entry of our controlled release formulation is incorporated into these data, along with
market forces that have been discussed in Sections 7.1and 7.2. For the remainder of this economic
analysis, the product discussed here will be referred to as the controlled release product, although it

embodies features of both controlled and extended release.'"

Haloperidol had overall sales of 45.9 million in 2010, with 40.7 million in the schizophrenia
market alone. As is apparent from projections, the overall degradation of haloperidol in
schizophrenia is anticipated to be much more significant than the degradation of haloperidol sales in
antipsychotics. This is a trend generally seen in drugs that are considering new indications, but no
such news exists for haloperidol. As a result, we consider the haloperidol revenues in the
antipsychotic market as the relevant revenues in this report, alongside projections for the overall

schizophrenia market.>"?

The average market capture for haloperidol over this time frame is 0.31% and 0.66% for the
antipsychotic and schizophrenia markets, respectively. We now consider the expected increase in
market share of haloperidol as a result of the controlled release formulation.” This market share will
be derived from the erosion of sales from the atypical sector, and capture of market share held by

haloperidol and haloperidol equivalents in the typical sector.

Atypical Market Share Takeover. As discussed in Section 7.3, the difference in clinical outcomes

for atypical and typical antipsychotics may not be as wide as therapeutic choices seem to suggest.
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With the expectation of an improved side effect profile for the controlled release formulation, this
divide will be further narrowed. Analysis of current pipelines of the top 100 pharmaceutical
companies reveals that none are planning new haloperidol products. The loss of atypical market
share is attributed primarily to price competitiveness, and the increase in generics. Due to our
intention to price aggressively as well as the improvement in side effect profile, we can ascribe a
certain percentage of the increase in the typical antipsychotic market to the introduction of this new
product. While the current projections account for the effects of pricing, this analysis will account
for the switchover of patients from the atypical sector to the typical sector. The total increase in
typical sales is estimated by assuming a constant average cost per patient of atypical and typical

antipsychotic regimens.'*

The current breakdown of patients on atypical or typical antipsychotic regimens is
approximately 60:40. The goal of this analysis is to include revenues from patients who are expected
to switch to a typical antipsychotic as a result of our controlled release formulation. This breakdown
is used to calculate an average cost per customer in each sector, which is then assumed to be
constant throughout the period. The total projected revenues for overall market are also assumed to
remain the same. By then adjusting the breakdown of patients into the sectors as a function of the
erosion of the atypical sector, as given in Table 7.1, we are able to adjust the projected revenues for
each sector in 2018. These adjusted revenues can then be reverse calculated by using the constant
average cost per customer assumption, and compared against a 2018 projection of the total
schizophrenia population contained within the same report. If the constant average cost per
customer assumption was true, the reverse calculation of the projection would have matched, but
there was a 7% discrepancy, indicating that the assumption did not hold completely, but is within an
acceptable range of error. This discrepancy was to be expected, as drug prices tend to increase

marginally over time."”

The total revenues that are expected to transfer from the atypical sector to the typical sector
are 220 million USD. This revenue projection, however, is an assumption based on the entire typical
antipsychotic sector, as opposed to haloperidol only, which is the drug incorporated into our

controlled release formulation. This 220 million USD is a projection that is significant for the
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scenario in which each of the drugs in the typical sector are all augmented with the addition of the
controlled release technology. For the case of our single product, however, it is necessary to isolate

the portion of this larger total that is relevant to haloperidol only.

Typical Marfket Share Takeover. There are several drugs in the typical antipsychotic sector that
we may expect a controlled release formulation of haloperidol to overtake. First, we must determine
the decision drivers behind a choice of typical antipsychotic. Those drugs that are prescribed only in
the event of adverse reactions associated with first-line drugs are eliminated from our analysis. Of
the remaining drugs, we eliminate those drugs that have additional indications over haloperidol.
Some of these additional indications include abatement of nausea and mild depression. To further
validate a complete takeover of revenue for these drugs, reports of clinical studies were compiled to
ensure that haloperidol was equipotent or superior to the drug. Ultimately a shortlist of four drugs
was generated: chloropromazine, fluphenaxine, loxapine, and perphenazine. The projected 2018
revenues of these four drugs were aggregated with those of haloperidol and a percentage of the
typical sector attributed to these revenues was generated, of 9.15%. This same percentage was used
to calculate the adjusted projected revenue of haloperidol, of 116 million USD. This adjusted
projected revenue implies that 95 million USD of the total revenues expected to transfer from the
atypical to the typical sector are ascribed to our new controlled release product, which accounts for
43.2% of the total increase projected for the typical antipsychotic market. The remaining 126 million
USD is inaccessible revenue for our product, associated with drugs in the market that are not
interchangeable with haloperidol. Therefore, we adjust the different sector revenues by the 95

1,2,16

million USD ascribed to this product.
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Revenues (millions) Population

2009 2018f 2018af* 2009 2018af

Atypical Antipsychotics 18,347 14,896 14,801 2,750,160 2,232,866

Typical Antipsychotics 0668 1,049 1,144 1,833,440 2,879,160
Haloperidol 45 20.7 116

Total 19,015 15,945 15,945 4,583,600 5,112,025

2018 projection 4,772,600

*af = adjusted future projections Estimated % Error 7%

Table 7.8. Adjusted Projected Revenues for Haloperidol Before Price Adjustments. This figure shows the
capture of additional market share from the atypical sector.!-216

The above calculations can be summarized in the following way. The original future
projections of atypical and typical antipsychotics had incorporated the effects of price and generic
competition. By adjusting these projections for the anticipated transfer of patients from an atypical
regimen to a regimen with our controlled release formulations using the erosion of the atypical
antipsychotic sectort, a total projected revenue transfer from the atypical to the typical sector was
calculated. This total projected revenue includes the effects of the controlled release haloperidol
product, as well as the effects the addition of this technology to all products in the typical sector
would have. By calculating a percentage market share of haloperidol and haloperidol equivalents in
the 2018 market projections, we aggregate and apply this same percentage to the adjusted projected
2018 revenues to generate a total potential market size for our product of 116 million USD in

2018."

This 116 million in adjusted projected sales occurs in 2018. The projected sales of
haloperidol in 2018 were then subtracted from this total, to reveal a 95 million USD increase in sales
as a result of the adjustments. In order to build up to a 95 million dollar increase in sales, a linear
ramp up over the course of six years was used. Table 7.9 shows the results for adjusted projected

haloperidol sales from 2013-2018.
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In

$000s 2013f 2014t  2015f 2016f  2017f 2018f

Current Haloperidol Sales* 29,298 26,910 24,865 23,098 21,753 20,659

Percentage of Ramp Up 17% 33% 50% 67% 83% 100%

Total Additional Sales 15,890 31,780 47,671 63,561 79,451 95,341
Total Haloperidol Sales,

Adjusted Projections 45,188 58,690 72,536 86,659 101,204 116,000

*Sales figures without the release of the microsphere product. Sales of haloperidol are in decline, due to the improved clinical profiles of competitor
drugs.

Table 7.9. Adjusted Projections for Haloperidol Sales Using a Linear Ramp-Up Schedule.

There are different drivers behind the total adjusted projected haloperidol sales. The two
components of this figure are the projected haloperidol sales and the adjusted additional sales.
Capturing the projected haloperidol sales alone simply depends on capturing haloperidol’s market
share, but capturing the additional sales depends on taking sales from the atypical sector, as well as

sales from the four drugs identified as haloperidol alternatives.

These analyses are based on the assumption that our formulation would cost about as much
as an atypical treatment regimen would. While this is a generally accepted practice, our aggressive
pricing strategy makes a more rigorous sizing method. By dividing the 116 million in revenue
transferred by the average cost per patient in the atypical market, a total number of patients that
would be transferred over to our product is calculated as 17, 388 patients. Current haloperidol
market share, plus the market share of the four drugs our formulation is expected to displace, is
1.5% of the market, or 91,729 patients. Therefore, we expect a total population of 109, 117 patients

to be our total population.

Post-pricing analysis, it is more than likely that the total adjusted projections will be much
higher than 116 million USD, due to cost adjusting of the patients taking haloperidol or one of its
equivalents. This cost adjusting will far outweigh the additional sales that will be captured from the
atypical market. Due to schizophrenia’s classification as a chronic disease, patients afflicted are
entitled to Medicare coverage under the Medical Scheme’s Act, making them less price sensitive and
more likely to change their regiment to a more expensive but more effective drug. This allows us to

essentially eliminate the increase in cost of the regimen from the market share analysis.
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Although our technical sections focus on optimizing the cross-flow membrane
emulsification (XME) production process for haloperidol, the platform itself it not limited to that
one drug. The same steps can be repeated for any number of other pharmaceuticals, based on their
compatibility with poly-(lactic-co-glycolic acid) (PLGA) and altering the solvents used during the
process based on the specifications discussed in Sections 1.5 and 1.6. As with the schizophrenia
market, there are many other chronic disease markets that would benefit from both the extended
release and controlled release features of our platform. Chronic disease exists primarily as
cardiovascular diseases (heart disease and stroke), cancer, chronic respiratory diseases, diabetes,
mental and genetic disorders, bone and joint disorders, and oral diseases. There are 25 diseases
currently recognized by the Medical Schemes Act’s Prescribed Minimum Benefits’ Chronic Disease

List. This list is presented in Appendix F.

Chronic diseases comprise the majority of the 875 billion USD pharmaceutical market.
While we are unable to present a quantitative estimate of the market size of the XME platform here,

: Tl 18,19
the financial opportunities are enormous.

This analysis has focused on identifying the potential maximum market expected from the
controlled release formulation, the next section will focus on the cost of production and the price

that is necessary to achieve this maximum market share.
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7.5 Pricing Analysis

Two different methodologies were used to determine a price for the haloperidol controlled release
product. The first method entailed using a market approach, in this case, based on the price of the

haloperidol decanoate product, which was discussed in Section 2.6.

First, an average cost per mg of haloperidol was calculated from the haloperidol decanoate prices.
The prices of haloperidol decanoate used here are non-branded generic doses, manufactured by the
generics firm Apotex. This average cost per mg was then used to calculate the cost per dose of the

controlled release product, which contains 450 mg in a single dose.”

Haloperidol decanoate
5 mL vial 50 mg/mlL $144.00/vial 250 total mg 0.576  $/mg
5 mL vial 100 mg/mL $288.00/vial 500 total mg

Haloperidol controlled release product
450 mg/dose
Using the $/mg derived from the halopetidol decanote cost analysis 259.2  $/dose

Table 7.10. Market Pricing Analysis.3 2

A comparative market price of 259.20 USD per dose was then calculated. For marketing
purposes, as well as ease of calculation, this estimate was rounded up to 260.00 USD for subsequent
calculation. This is a baseline calculation that prices the product based only on its extended release

feature, which is has in common with haloperidol decanoate.

Next, a pricing analysis was conducted to estimate the value of the controlled release feature
of the product. First, as a preliminary check, a cost per dose was calculated based on the fixed and
variable costs presented later in Sections 7.6.1 and 7.6.2. The total production considered was
500,000 doses. The total cost per dose was calculated to be 142.80 USD, well below the typical
sector market price baseline of 260.00 USD.
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The next step was to estimate the average expected cost savings of a patient taking the drug.
For this estimation, patients were divided into four categories: convenience saving only, Inpatient to
Long-term, Long-term to Outpatient, and Inpatient to Outpatient. The convenience saving only
category was considered the largest segment at 40%, in order to maintain a conservative outlook of
potential clinical trial outcomes. This segment is considered to have no cost savings, although this is,
in reality, most likely not the case. In future analyses, if an estimate of cost savings for this group can

be obtained, it would help to further validate this analysis.

The other groups were taken from Section 7.2, where their cost savings were calculated on a
per patient per year basis. Each of these groups took an equal share of the remaining 60%. Overall,
the expected savings for a patient were 8,037 USD. At this point, a percentage of this overall savings
was added to the market baseline to produce a final product price. The choice of 1% was fairly
arbitrary, as there is no literature detailing the rationale behind pharmaceutical pricing. In order to
ensure that a wide spectrum of prices is tested, due to the potential variability in choice of price

point, price was varied in a sensitivity analysis, presented later in Section 7.7.

For the purposes of calculating the profitability statistics, a final price of 340.37 USD was
used, incorporating a 1% share of patient cost savings. As a broad check, we consider the cost of an
atypical regimen, in this case, Seroquel XR, the only atypical drug that offers extended release on the
market. A 90 day supply of Seroquel XR is 1,316 USD. For an entire year, a patient will spend 5,304
USD for a full regimen. This is compared to a yearly cost of 4,084 USD for our product, or a cost

savings of 23% over the atypical regimen.
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Incremental Cost/Dose

Fixed
Variable
Total
Market Price Analysis

+Cost Savings Analysis
Sale Price

17.02
125.78
142.80
260.00

80.37

340.37

Groups

Convenience saving only
Inpatient to Long-term
Long-term to Outpatient
Inpatient to Outpatient

40%
20%
20%
20%

For the average patient, the expected savings are

Add 1% of the overall savings to the price

Cost Savings

$

$  14,781.00
$  5311.00
$  20,093.00
$  8,037.00
$ 80.37

Table 7.11. Pricing Analysis for Controlled Release Product: Valuation of Controlled Release Feature and

Final Sale Price. 47:32
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7.6 Profitability Analysis

7.6.0 Introduction and Explanation of Profitability Metrics

Some justifications for metrics used in this section are based on the scenario that this project
proceeds under a larger parent firm, which in this case is a large-cap pharmaceutical firm. This
assumption also affects the profitability metrics presented here. The pharmaceutical industry
generally expects an internal rate of return (IRR) of 30% as a threshold for project feasibility.
However, firms that focus on drug delivery technology platforms, such as the XME platform
presented here, regularly attain IRRs of ten times that magnitude. This is due to the large reduction
in cost of both regulatory filing and approval and the reduced research and development costs as a
result of using molecules and vehicles that have already gained FDA approval. Research and
development costs can account for more than 25% of all total costs of a drug, in the standard

. . . . . . . 20 21
scenario, and their incurrence early on further exacerbates their importance in IRR calculations.™

The IRR presented here in the final scenario is approximately 276%, which is consistent with
average IRRs achieved by drug delivery firms. The net present value (NPV) of the project is 99.8
million USD, discounted at a rate of 40%.
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7.6.1 Fixed Cost Summary

Fixed costs in this case consist of equipment costs and cost of land. A complete summary of fixed

costs is presented below.

The first section, Equipment, tallies the total purchase costs and installation costs of the
equipment in the plant. Installation costs were calculated using a 3.291 multiplier of purchase cost.
This came out to a total of 11.8 million USD. The next section tallies the cost of the XME channels,
which are precision machined and designed for the XME process specifically. The total cost of these
channels is 168,000 USD. Due to the relative ease of installation, due to their small size, there was

no associated installation cost for this section.”

Waste Management. All of the units compiled in the Equipment costs are essential to the
process, with the exception of the distillation column (D-1). This unit is designed to effect a DCM-
water separation, a mixture that constitutes the waste stream of the XME process. It is, in effect, a
nonessential unit in our process, and therefore alternate schemes were considered that would
eliminate this fixed cost and the cost of the land required to house it. In this alternative scheme, the
cost of wastewater treatment and the cost of transportation are aggregated to get an overall cost per
year for the alternative waste management scheme. The overall cost was 56,508 USD, which allowed
for the elimination of the 688,705 USD required in fixed costs for the distillation column. Other
factors also weighed in on the decision to undertake this alternative, primarily having to do with the
flexibility gained by using the alternative. In the case of utilizing additional capacity for other target
drugs, it is possible that the flow rates and compositions used to calculate the cost of D-1 will no
longer be applicable. This would immediately render the current distillation column suboptimal,
which would affect its efficiencies. The alternative waste management option avoids this problem

altogether; however, both options were evaluated for profitability.
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FIXED

With Distillation Column

No Distillation Column

Equipment

Mixing Tank (M-1)
Mixing Tank (M-2)
Sanitary Pump (P-1)
Sanitary Pump (P-2)
Sanitary Pump (P-3)
Sanitary Pump (P-4)
Vacuum Tank with
Diafiltration (T-1)
Vacuum Tank with
Diafiltration (T-2)
Sanitary Pump (P-5)
Sanitary Pump (P-6)
Surge Tank (T-3)
Storage/Mixing Tank (T-4)
Storage Tank (T-5)

Pump (P-8)

Sanitary Pump (P-9)
Storage Tank (S-1)
Storage Tank (S-2)
Freeze-Dry (F-1)
Ampoule-Filling Unit (A-1)
Sanitary Pump (UP-2)
Sanitary Pump (UP-1)
Distillation Column (D-1)

Channels*

* no installation cost

Land

Bare Module
82200

2310

2900

3200

2900

2900

12100

35500
2900
3300

55900

56800

22500
2900
3200

17200

20200

99950

1055000
1600
1600

160500

Per Channel

$8,000

Cost per sq.
ft.

125

TOTAL

$11,847,883
$11,159,178

Quantity

AN = N = DN

(o)

— et ek ek e e e N QN = = = N O O

Quantity

21

Quantity (sq. ft.)

53060

Installation Cost per

$270,520.2
$7,602.2
$9,543.9
$10,531.2
$9,543.9
$9,543.9

$39,821.1

$116,830.5
$9,543.9
$10,860.3
$183,966.9
$186,928.8
$74,047.5
$9,543.9
$10,531.2
$56,605.2
$66,478.2
Inclusive
Inclusive
$5,265.6
$5,265.6
$528,205.5

Total Cost (All

$168,000

Total Cost

$6,632,481

Total Cost (All
Units)

$705,440.40
$19,824.42
$12,443.90
$82,387.20
$12,443.90
$74,663.40

$311,526.60

$913,983.00
$74,663.40
$84,961.80
$239,866.90
$243,728.80
$96,547.50
$74,663.40
$82,387.20
$73,805.20
$86,678.20
$99,950.00
$1,055,000.00
$6,865.60
$6,865.60
$688,705.50
$5,047,402

Table 7.12. Fixed Cost Summary: Equipment, Channels, Alternative Waste Management, and Land.
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7.6.2 Total Variable Cost Summary

There are two sections that pertain to the overall total variable cost summary, which are entitled
Variable and Human Resources/Operational. The section Variable accounts for reagent and utility
costs (including the alternate waste management scheme), while Human Resources/Operational

accounts for costs associated with staff, maintenance, and operational overhead. The utility cost

consisted only of the electrical costs, and did not include utilities associated with running the

distillation column.

With Distillation Column

No Distillation Column

VARIABLE
Reagents
DCM
Pharmaceutical-Grade Water
PVA
PLGA
Haloperidol
Sodium Chloride
Utilities
Electricity

Pricing
$0.50
$0.12
$0.71
$39,100.00
$10,676.00
$0.13

Cost
$476,688

Alternate Waste M anagement Scheme

Total Wastewater Treatment
Cost

Total Treatment Cost

Cost per kg Organic
Amount Treated

Transportation Cost

Cost (% of Shipment Value)
Value of Shipment

$54,464

$38,125
0.33
115532

$16,338
1.50%
$1,089,207

$/kg
$/kg
$/kg
$/kg
$/kg
$/kg

TOTAL
$60,152,327
$60,206,791

Amt (kg)/90
days

115532
8596372
78522
1450
172
4209

Cost

$57,642
$1,031,565
$56,077
$56,696,828
$1,832,971
$556.78
$59,675,640

Table 7.13.

Variable Cost Summary: Input Prices and Ultilities.?%23.24.25.20
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The Human Resources/Operational section details other variable costs, based on the
assumption of 24 operators working per shift. The distribution of operators is expected to be 3:5:4
in the production of the continuous and dispersed phases, XME channels, and downstream
processing sections. The combined Total Variable costs were 62.9 million USD. It is important to
note that both the Human Resoutces/Operation section and the Variable section are based on the
cost of a single cycle, defined in this case as 90 days, 24 hours/day. When the plant runs for multiple
cycles, the Total Variable costs are multiplied by the number of cycles run. Running a single cycle is
denoted as a capacity of 25%; two cycles, 50%; three cycles, 75%; and four cycles, 100%. Any

additional capacity would require an increase in capital investment, as detailed in the Section 5.5.1.

HR/Operational/SG& A
TOTAL $4,083,951

Operations 2160 hrs
Direct Wages and Benefits (24
operators) $1,814,400.00 35 operator-hr
Direct Salaries and Benefits $272,160.00 15% of DW&B
Operating supplies and services $108,864.00 6% of DW&B
Technical assistance to manufacturing $156,000.00 $52,000/(operator/shift)-year
Control laboratory $171,000.00 $57,000/(operator/shift)-year
Maintenance
Wages and Benefits

Solid-fluid handling process $533,154.74  4.5% of Ctdc
Salaries and benefits $133,288.68 25% of MW&B
Materials and services $533,154.74 100% of MW&B
Maintenance overhead $26,657.74 5% of MW&B
Operating Overhead
General plant overhead $47,317.48 7.1% of M&O-SW&B
Mechanical department services $15,994.64 2.4% of M&O-SW&B
Employee relations department $33,028.94 5.9% of M&O-SW&B
Business services $1,972.67 7.4% of M&O-SW&B
Property taxes and insurance $236,957.66 2% of Ctdc

Table 7.14. Human Resources/Operational Costs.2
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7.6.3 Depreciation, Working Capital, and Other Costs

There are also a number of miscellaneous costs that are standard for plant operation, as well as
several that are idiosyncratic to the pharmaceutical industry. Depreciation is a method used to write
down the value of an asset over the course of its lifetime. The assets that need to be written down
over time are those described in the fixed cost section, excluding land and the alternative waste
management plan, which was included in the final total variable cost. The lifetime of these assets was
estimated at 10 years, as per pharmaceutical standard, and accordingly, the 10-year MACRS

depreciation schedule was used.

Next, the working capital requirement was considered. Working capital is the value of assets
needed to continue operations for a set period of time, in this case, 30 days. Working capital in the
pharmaceutical industry is calculated as a percentage of overall sales. An industry average was
reported as 3.60%, and this percentage was used in the analysis to calculate the working capital
requirement. The working capital requirement was not added back at the end of the 10 year period.
This is due to the expectation that the plant will continue to be relevant at that point in time,
although this profitability analysis includes only a one year development period and a ten year ramp-

up period.

There are several additional costs that must be considered. Recurring costs will be
considered first. The first of the recurring costs are the distribution and sales force costs, which were
reported as an industry average of 23% of sales. This percentage was used to calculate a recurring
cost over the 10-year ramp-up period, during which sales are occurring. The second recurring cost
was tax costs, which were held, as per U.S. corporate tax law, at 35%. There are no taxes incurred in
the one year developmental period, due to a lack of revenue. Next, an appropriate discount rate was
considered. Discount rates in the pharmaceutical industry tend to be magnitudes larger than
discount rates used in other industries, due to the risk present in the industry. Large pharmaceutical
firms tend to discount their potential projects at 20%, while smaller ventures may use a discount rate

as high as 50%. For the purposes of this analysis, a high discount rate of 40% is used, to reflect the
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many risks inherent in this project. The most important of these risks include proving clinical

efficacy, capturing atypical sector market share, and capturing typical sector market share.

Next, initial start-up costs are considered. These costs are incurred once during the
development period, but have a larger bearing on profitability measures due to the immediacy of the
costs. First, the cost of plant startup is considered. Our project is intended to proceed under the
umbrella of a larger pharmaceutical firm, therefore, a relatively low startup cost of 20% is used,
which will take advantage of the experience of the parent firm. The remaining start-up costs are
specific to the pharmaceutical industry. The first are the legal costs of a drug approval. The industry
average ranges from 200,000 USD to 500,000 USD. In this case, because the two components of the
haloperidol controlled release formulation are well-known by the FDA, and approval largely rests on
performance at a single large clinical trial, the lower end of the spectrum is used here to represent
legal costs. The second cost is the cost per clinical trial. As only a single, large clinical trial is
expected to be conducted, the total cost of clinical trials rests on the cost of a single, large trial.
Trials of the same scale are reported, on average, to cost 1 million USD, which is the figure that is
used here. This cost does not include the cost of production, which is incorporated into the variable
costs of the first year of the 10 year ramp-up period. The first year of the 10 year ramp-up period is
only expected to operate at 25% capacity, leaving significant capacity for the production of clinical

trial doses.
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Initial Costs (during startup year) $102,5006,823
Legal Costs (Regulatory)? $200,000
Cost/Clinical Trial3® $1,000,000
Cost of startup (20% of FIXED)?? $1,702,030

Sales Based Recurring Costs (incurred every year, excluding startup year)
Working Capital (% of Sales)?’ 3.60%
Distribution and Sales Force (% of Sales)?8 23%

Applicable Rates for Calenlation of Net Income

Discount Rate?! 40%
Tax (on Net Income)?? 35%

Table 7.15. Summary of Other Costs and Metrics. 222728293031
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7.6.4 Cash Flow Summaries and Profitability Measures

Case 1: With Distillation Column. The first cash flow summary shows a profitability analysis of the
plant with the distillation column. The NPV was calculated to be 99.2 million USD, while the IRR
was 263%. Both the NPV and IRR are positive, which indicates that the distillation column,
although expensive, does not harm the overall profitability of the process. Some additional costs
associated with the distillation column were not considered. First, the operation of the column
would require additional workers, which would then present an increase of approximately 150,000
USD in variable costs each year. There is also the question of how the outputs from the distillation
column are to be disposed of. The bottoms product has a concentration of DCM well below the
minimum required by the Environmental Protection Agency (EPA), but the distillate contains a
mixture of DCM and water, which is not of sufficient purity to dispose of. Most likely, the distillate
would have to be sent to a wastewater treatment plant in spite of being processed once already. This

realization makes the distillation column an even less attractive option.

Two ramp-up schedules are presented. The first is from Section 7.4, where the linear ramp-
up of additional sales from atypical sector erosion was presented. The second is a ramp of up sales
from capture of the haloperidol and haloperidol equivalents in the typical sector was considered.
This schedule is based on average pharmaceutical sales curves. These ramp-up schedules are
identical between the analysis with the distillation column versus the analysis with the alternate waste

33
management scheme.
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Case 2: No Distillation Column. The second cash flow summary shows a profitability analysis of
the plant utilizing the alternative waste management scheme presented in Section 5.5.2. The NPV
was calculated to be 99.8 million USD, while the IRR was 276%, which is in line with IRR
expectations established in the introduction to this section. As expected, the NPV and IRR are
higher than those presented in Case 1 (NPV = 99.2 million USD, IRR = 263. Due to these
performance measures, and the increase in flexibility discussed in Section 5.5.1, this case was chosen

as the preferred case, and is the base case used for the sensitivity and breakeven analyses.

From a macroeconomic perspective, the cash flows and statistics presented indicate that our
product will constitute 2.72% of the overall antipsychotic market (compared to 0.35% with current
haloperidol products alone), and 7.64% of the overall schizophrenia market (compared to 0.60%

with current haloperidol products alone).

In the next section, the sales price, reagent prices, and percentage of market share measures
will be varied during a sensitivity analysis, to better understand the primary drivers behind the

profitability metrics calculated here.
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7.7 Sensitivity Analyses

7.7.1 Selling Price

The first metric analyzed is the selling price of the product. This analysis skewed towards the lower
spectrum, in order to incorporate more ‘worse-case’ scenarios than ‘best-case’ scenarios. This same
heuristic was used when choosing sensitivity ranges for all metrics in this analysis. Bolded values in

the sensitivity range indicate the value that was used in the primary profitability analysis.

The sensitivity analysis indicates a strong dependence on price, as can be seen in its effects
on NPV and IRR below. The ‘worst-case’ scenario price is 260 USD, the market baseline price.
Although there is a relatively strong dependence, the robustness of the product still propels the

overall profitability measures into a positive range.

&ling Price

$260 $280 $300 $320 $340 $360 $380
NPV $40,962,001  $55,672,289  $70,382,577  $85,092,865 $100,075,294 $114,513,442 $129,223,730
IRR 144.64% 178.20% 211.10% 243.59% 275.79% 307.78% 339.62%

Table 7.20. Sensitivity Analysis: Selling Price.
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7.7.2 Reagent Prices

The next group of metrics analyzed is the prices of the reagents used in the process. None of these
analyses indicated a strong dependence of profitability on reagent prices. This indicates robustness
of the product with respect to input prices, which is especially important in the current economic
climate, where raw materials prices are rising due to increased competitiveness. The most significant
reagent was the pharmaceutical-grade water, which due to the large volume used in the process, is
the most important, although one of the least expensive. This dependency is likely to be insignificant
in the long-run, as the price of pharmaceutical-grade water is relatively inelastic. The project is also
assumed to be housed under a large pharmaceutical company, almost all of which produce
pharmaceutical-grade water in-house, due to the volume that is necessary for production of almost

all drugs, making this dependence even less significant.

Reagent Prices*

* NaCl is neglected, due to the comparatively small amount used.

DCM 0.298927423 0.498927423 0.698927423  [$/kg]
NPV $100,122,297 $100,075,294 $100,028,291
IRR 276.48% 275.79% 276.28%
Pharmaceutical-Grade
Water 0.09 0.12 0.15 0.18  [$/kg]
NPV $100,599,893 $100,075,294 $99,550,695 $99,026,096
IRR 277.52% 275.79% 275.23% 274.09%
PVA 0.514151856 0.714151856 0.914151856 1.114151856  [$/kg]
NPV $100,106,768 $100,075,294 $100,043,820 $100,012,347
IRR 276.45% 275.79% 276.31% 276.24%
PLGA 39090 39100 39110 39120 39130 [$/kg]
NPV $100,104,355 $100,075,294 $100,046,233 $100,017,172 $99,988,112
IRR 276.44% 275.79% 276.32% 276.25% 276.19%
Haloperidol 10656 10676 10696 10716 [$/kg]
NPV $100,082,176 $100,075,294 $100,068,412 $100,061,530
IRR 276.39% 275.79% 276.36% 276.35%

Table 7.21. Sensitivity Analyses: Reagent Pricing.
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7.7.3 Maximum Market Share Capture

The next group of metrics analyzed is the maximum market share capture percentages. In the
original analysis, both of these maximum share captures were considered 100%. While this is by no
means an unrealistic assumption, in the case of suboptimal clinical trial results, it may be necessary

to scale back expectations.

First, the ramp-up schedules for both the sensitivity ranges of the atypical sector share and
the typical sector share were calculated. In both cases, the time to ramp-up was kept consistent, due

to the lack of significant risk in that assumption.

Ramp-Up Schedules
Atypical 15% 30% 45% 60% 75% 90%
6yr 13% 27% 40% 53% 67% 80%
12% 23% 35% 47% 58% 70%
10% 20% 30% 40% 50% 60%
8% 17% 25% 33% 42% 50%
7% 13% 20% 27% 33% 40%
5% 10% 15% 20% 25% 30%
Typical 40% 57% 73% 90%
4yr 40% 53% 67% 80%
40% 50% 60% 70%
40% 47% 53% 60%
40% 43% 47% 50%
40% 40% 40% 40%
30% 30% 30% 30%

Table 7.22. Sales Ramp-Up Schedules for Maximum Market Share Capture Sensitivity Analyses.

Next, each ramp-up schedule had a specific associated NPV and IRR calculated. As
expected, the market share captured from the typical sector (Haloperidol and Equivalents) is much

more significant to overall profitability than that from the atypical sector (Additional Patients).
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Maximum Share Capture (linear ramp-up constant)

Additional Patients (from atypical mar ket erosion)

NPV
IRR

30 40 50 60 70 80 90 100 [%]
$90,184,484 $91,597,457 $93,010,430 $94,423,403 $95,836,375 $97,249,348 $98,662,321 $100,075,294
260.73% 262.98% 265.23% 267.47% 269.71% 271.93% 274.16% 275.79%

Haloperidol and Equivalents

NPV
IRR

30 40 50 60 70 80 90 100 [%]
$38,031,812 $53,140,829 $60,963,240 $68,785,651 $76,608,061 $84,430,472 $92,252,883  $100,075,294
176.02% 234.53% 242.42% 249.87% 256.94% 263.69% 270.16% 275.79%

Table 7.23. Sensitivity Analyses for Maximum Market Share Capture.

This is simply due to the larger number of patients under our treatment in the typical sector relative

to the atypical sector. This is actually a much less risky proposition: acquiring market share from the
typical market is much more likely than acquiring it from the atypical market, simply due to the large
amount of innovation present in the atypical sector versus the typical sector. Innovation, on the part
of other companies, threatens to displace the microsphere delivery technology that the XME

process is based upon.

Even in the most extreme cases of 30% and 40% typical market share capture, the NPV of
the project is positive. These cases are unlikely to occur, due to the elimination process inherent in
the drug approval process. These lowest market share positions would most likely be a result of
poor or equivalent clinical trial results in comparison to haloperidol and haloperidol decanoate. In
this case, the likelihood of approval is low, and therefore these lowest market share positions would
be prevented from occurring, with a complete shutdown of the project much more likely. Cases in
the range of 50-90% would occur as an effect of uncontrollable factors like percentage coverage via
Medicare, insufficient physician coverage, or the entrance of new competitors in the schizophrenia

market. The robustness indicated here is an indicator of the project’s overall strength.
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7.8 Breakeven Analysis

This section is designed to analyze the compounding of ‘worst-case’ scenarios. First, the break even
sale price given all of the conditions in the initial profitability analysis (Case 2: No Distillation
Column) is 228.21 USD, which results in an NPV of 0. The likelihood of accepting a price below the
market pricing analysis baseline is extremely low. A price in this range is likely a result of a poor
clinical trial result, which as mentioned in Section 6.7.3, is likely to prevent the project from moving

forward from the clinical trial stage.

. The Haloperidol and Equivalents market is significantly more relevant to overall profitability than
the Additional Patients segment. As a result, we choose to conduct a sensitivity analysis with the
typical market (the sector from which these sales are derived) when considering a compounded
'worst-case' scenario. Taking this into account, a multivariate sensitivity analysis is presented, which

varies price and the Haloperidol and Equivalents Maximum Market Share.
The ramp-up schedules presented in Table 7.22 are kept consistent throughout this analysis.

The results of the analysis indicate remarkable robustness. Even with the market pricing baseline
price and the lowest market share of 30% assumed here, a positive NPV and IRR results. However,
there are several caveats to the most extreme cases (IRR < 160%). First, we assume a project
lifetime of 10 years, which in the case of poor performance to this degree, the project would likely
be cut in favor of higher NPV-generating endeavors, and therefore would not have sufficient time to
generate positive NPV and IRR. Those projects that fall into this category are bolded. In the same
way that these low extremes are unlikely, the high extremes also present some inherent difficulties.
In the case of positive performance of this degree (IRR > 300%), there is an expectation that other
competitors will find a way to compete in this market. The short approval period makes this more
likely to happen within the 10 year window that these profitability metrics are calculated over. This
would decrease sales in the latter half of the window, and subsequently lower both NPV and IRR.

Projects in this category are underlined.
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Price

NPV
$ 260
$ 280
$ 300
$ 320
$ 340
$ 360

$ 380

Price

Table 7.24. Multivariate Sensitivity Analysis of Price versus Haloperidol and Equivalents Maximum Market
Share. The sensitivity analysis presents its results in NPV in part a, and in IRR in part b. Bolded values are

Haloperidol and Equivalents Maximum Market Share

30 40 50 60 70 80 90 100
$12,845,885 $16,862,473 $20,879,061 $24,895,649 $28,912,237 $32,928,825 $36,945,413 $40,962,001
$20,926,644 $25,890,308 $30,853,971 $35,817,635 $40,781,299 $45,744,962 $50,708,626 $55,672,289
$29,007,404 $34,918,143 $40,828,882 $46,739,621 $52,650,360 $58,561,099 $64,471,838 $70,382,577
$37,088,164 $43,945,979 $50,803,793 $57,661,608 $64,519,422 $71,377,237 $78,235,051 $85,092,865
$38,031,812 $53,140,829 $60,963,240 $68,785,651 $76,608,061 $84,430,472 $92,252,883 $100,075,294
$53,249,684 $62,001,649 $70,753,615 $79,505,580 $88,257,546 $97,009,511 $105.761.476  $114.513.442
$61,330,444 $71,029.485 $80.728.526 $90.427,567  $100.126,607  $109.825.648 $119.524.689 $129.223.730

Haloperidol and Equivalents Maximum Market Share
IRR 30 40 50 60 70 80 90 100
260 96.10% 105.25% 113.29% 120.55% 127.20% 133.38% 139.18% 144.64%
280 129.14% 137.99% 145.97% 153.29% 160.09% 166.46% 172.48% 178.20%
300 161.57% 170.23% 178.17% 185.55% 192.46% 198.99% 205.19% 211.10%
320 193.66% 202.18% 210.09% 217.51% 224.51% 231.16% 237.51% 243.59%
340 176.02% 234.53% 242.42% 249.87% 256.94% 263.69% 270.16% 275.79%
360 257.24% 265.57% 273.44% 280.92% 288.05% 294.88% 301.45% 307.78%
380 288.84% 297.11% 304.96% 312.46% 319.64% 326.54% 333.19% 339.62%

those projects that fall below an IRR of 160%, which would likely result only in the case of poor or equivalent
clinical trial results compared to haloperidol or haloperidol decanoate. Clinical trial results in this range would
result in project shutdown, and would therefore indicate a more pronounced drop-off than the numbers

would suggest. Similarly, underlined values are projects that generate an IRR of greater than 300%, which

would most likely result in intense competition in the latter years of the project, lowering sales in those same
years. This would cause IRR to drop, making the profitability metrics that are underlined difficult to achieve.
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7.9 Summary

The haloperidol controlled release product is expected to generate a net present value of 99.8 million
USD and an IRR of 276%. The primary risk factor identified in the sensitivity analysis is the
dependence on clinical trial results that clearly indicate an improved side effect profile. Results that
indicate only equivalence or worse in the controlled release feature, regardless of the extended
release feature of the product, will fail to achieve approval, and therefore result in complete
shutdown. This is an unlikely scenario, and the robustness of sensitivity analyses on sale price and
reagent price indicate that the project should certainly move into the clinical trial stage, during which
warning signs of poor results should be closely monitored as a decisive reason to shut down the

project.

Once the product moves past the clinical trial phase, the cash flow summary indicates a strong surge
in market share. This, coupled with the compressed production schedule of a single quarter to
produce 500,000 doses, will allow the project to quickly move into the green. However, as
profitability metrics increase, so does the likelihood of competition, which will lower sales in the

latter part of the 10 year project, as competitors complete development and enter the market.

The large capital investment and compressed production schedule allows for significant capacity to
be dedicated to the development of new products on the platform. The platform is particularly
suited to chronic disease therapeutics, which comprise the majority of the pharmaceutical market, a
result of chronic disease patients being by definition ‘repeat buyers’. The potential revenues from
additional utilization of the platform are enormous, and these future revenues alone justify the
undertaking of this first optimization for haloperidol, although they are not quantitatively presented
here. However, a failure to move the haloperidol product past the clinical trial phase would serve to
invalidate the platform, and effectively cut off any other potential project revenues in other disease
markets. Clinical trial risk is idiosyncratic and nondiversifiable in the pharmaceutical industry, and is
not specific to or overweighted in this project. All profitability metrics suggest that this platform

would serve to boost a declining market, and function as a jump-off point for revenues in others.
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Chapter 8: Experimental Section

Introduction

The cross-flow membrane emulsification (XME) process was carried out on a laboratory scale in
order to verify the accuracy of the emulsification equation (Equation 2.18, Chapter 2.3) and to
confirm the ability of the process to generate monodisperse droplets. Before any attempts are made
to scale-up the XME process to an industrial application, it is important to test the viability of the
emulsification concept on a small scale. We run the XME process under a specified set of operating
parameters, and compare the sizes of the generated droplets against the theoretical size predictions
based on operating conditions. In general we find that the emulsification process generates a highly
monodisperse size distribution, but the resulting droplets are significantly larger than the

mathematical model predicts.

Materials and Methods

Continuous phase solutions are prepared by dissolving 97.73 wt% water, 1.27 wt%
dichloromethane, and 1.00 wt% poly(vinyl alcohol). The solution is moderately heated for 30
minutes to facilitate dissolution of the polymer, and then left to magnetically stir for 24 hours.
Dispersed phase solutions are prepared by dissolving 0.098 wt%o haloperidol, 0.860 wt% poly(lactic-
co-glycolic acid), and 99.042 wt% dichloromethane. This concentration is equivalent to 1% solid
materials (haloperidol and PLGA) by volume. The solution is magnetically stirred for 24 hours

before use.

The XME flow device consists of a narrow rectangular channel cut into an aluminum body.
The dimensions of the channel are: height approximately 1 mm, width 6.4 mm, length in the
direction of continuous phase flow 6 cm. At the base of the channel is a stainless steel membrane

containing a single 100 um diameter pore.

The flow rate of the continuous phase was set at 3 mL/s, for a superficial velocity through

the channel of 0.469 m/s. Based on flow simulations performed in the computational fluid
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mechanics suite in COMSOL Multiphysics, this flow rate in a rectangular channel of the given
dimensions generates a shear rate of 2,500 s at the channel floor. The flow rate of the dispersed
phase was set at 2 mL/hr, giving a Weber number (Equation 2.9, Chapter 2.3) of 0.051, far below

the transition to jetting behavior.

Product droplets were collected in a glass dish at the channel outlet. The sample was
observed using a microscope, and visual measurements of particle diameter were recorded. The
sample droplets are analyzed for monodispersity, and their average diameter is compared to the

predictions of the emulsification model under these operating conditions.

Results and Discussion

Based on the supplied operating parameters, the theoretical size of emulsified droplets is

predicted by Equation 4.11.

1/4
D 32
vl ~0.8|—| Ohl;Ca™"? (Equation 4.11)
DO Cd
Here D, is the diameter of an emulsified droplet, D, is the pore diameter, C,is the drag

coefficient, Oh, is the continuous phase Ohnesorge number, and Ca is the capillary number. The
drag coefficient, the Ohnesorge number, and the capillary number are defined in Chapter 3.3. Based
on the supplies operating parameters, the model equation predicts that the outlet droplet size will be

about 220 um.

Figure 8.1 shows a representative sample of the product droplets. The average droplet size is
353 um with a standard deviation of 97 um. However, if we screen out extremely small “satellite”
droplets, having diameter less than 200 wm, the average size becomes 390 wm with a standard

deviation of only 33 um.
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Figure 8.1. Sample photograph of emulsified droplets generated by the XME process. Included with a 500
um scale bar.

Excluding these satellite droplets, the monodispersity of the sample is quite good given our
lack of experience with the XME equipment. The standard error in droplet size, ignoring satellites, is
only 8% of the average diameter. The appearance of satellite droplets can be attributed to droplet
disruption and break-up in the high-shear rate environment around sharp turns inside of the flow

device. A pharmaceutical-grade device would be designed specifically to avoid these sharp turns.

Despite the high level of monodispersity we observe, the mathematical model predicts that
the emulsified droplets should be significantly smaller than those collected. The average collected
diameter, excluding satellites, is 390 um, 77% larger than the expected 220 um diameter droplets.
This deviation can be largely attributed to small measurement errors on channel geometry. The
predicted droplet size is especially sensitive to measurement accuracy on channel height. The height
of the flow channel is approximately 1 mm, but we could only resolve the measurement to roughly
0.5 mm. A small error in the measured height, on the order of a few tenths of a millimeter,

amounts to a large percent difference and would dramatically affect the actual shear rate at the
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channel floor. If the height of the channel were actually 1.5 mm instead of the reported 1.0 mm,
COMSOL simulations indicate that the experimental 3 mI/s continuous phase flow would actually
generate a shear rate along the channel floor of 1,000 s, rather than the expected 2,500 s™ for a 1.0
mm height. With this new value for channel height, the predicted droplet size increases to 350 um

and the observed droplet diameters are only 11% too large.

Conclusions

This laboratory-scale test of the XME process supports the commercial value of the
procedure. Even without long-term training and experience with the operating equipment, we were
able to generate an emulsion of nearly-monodisperse droplets using similar materials to those
detailed in the large-scale process design. Although the resulting droplets were unexpectedly large
and we could not conclusively verify the emulsification model, the model’s size prediction remains

plausible given expected measurement error on the small dimensions of the flow channel.
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Chapter 9: Conclusions and Outlook

The project thus described offers a comprehensive analysis of the product and process design
components of time-release drug-loaded microspheres. The aim of this project was to manufacture a
depot-release, zero-order haloperidol loaded poly(lactic-co-glycolic acid) (PLGA) microparticle in
order to satisfy a need to overcome traditional dosing issues in the mental illness patients. These
dosing issues include non-compliance (exacerbated by symptoms common in this sector),
convenience of dosing schedule, and achieving an optimal concentration profile (characterized by
zero-order release). The solution lies in the extended release and controlled release features of the
microsphere drug delivery format. The extended release feature lies in both the choice of polymer in
the microsphere, in this case PLGA, and a monodisperse combination of discrete microsphere size.
The controlled release feature is expressed through the choice of large to small diameter ratio that
was calculated both to achieve zero-order release, but also to maintain drug concentrations in the
body at an optimal level over the course of 30 days. Achieving these product design specifications
necessitated a precise and controllable manufacturing technology, as well as downstream processing
methods that would preserve these characteristics and deliver them in a user-friendly format.
Current manufacturing techniques do not allow for the precision of size control necessary to
achieve the specifications for these features; this project explores a new technique, cross-flow
emulsification (XME), that can achieve these specifications. XME flow devices allow high
production throughput of monodisperse, emulsified droplets composed of polymer and drug
dissolved in an organic solvent. Over the course of downstream processing, the solvent is removed,

leaving behind a hard, drug-dispersed polymer sphere.

Although the basic product and process technologies were known at the outset of the
project, rigorous optimization was necessary to generate a product that could satisfy customer needs
and design a process that could yield the desired product at a rate acceptable to meet production
demand. We began by developing a mathematical model, which would quantitatively predict the
drug release kinetics of any specified depo-haloperidol sphere within the size and composition range

under consideration. Modeling analysis gave a list of potential size and composition options that
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would satisfy customer requirements. From here, we applied literature resources and computational
fluid dynamics (CFD) analysis in order to tune the emulsification process in such a way that the
process could generate particles of the specified size distribution and composition. This theoretical
optimization then led to the detailed design of a flow channel. The architecture of the flow channel
was considered in depth, with an eye to optimizing control over production characteristics and
throughput. Finally, we developed a series of downstream processing operations that would prepare

the final product for shipment to the customer.

Moving forward, we turn our attention to the company under which this platform and
product should be housed. There are several options as to where this project can grow: a large
pharmaceutical company, a drug delivery focused firm, a generics manufacturer, or independently.
There are also several categories of advantages and disadvantages associated with each one of these
options: speed of regulatory approval, intellectual property in new drugs for development, access to
capital, sales and distribution capabilities, and investment return. A large pharmaceutical firm will
score well on all of these metrics, and is most likely the best fir for the project, especially in terms of
growth from the development of additional drugs within the platform. It is restrictive to in the sense
that associations with a large pharmaceutical firm will decrease the likelihood of licensing or
collaboration with other large-cap firms in the industry. Large pharmaceutical firms like Pfizer and
Sanofi-Aventis also contain generic subsidiaries, which would aid in supplying a steady stream of
new drugs to develop. Large-cap firms tend to specialize over a wide spectrum of disease areas,
because this platform is so particularly suited for applications in chronic diseases, a firm that
specializes in areas like heart disease, diabetes, or oncology will likely be able to utilize the
technology in more areas. Other focuses like infectious diseases, specifically in antibiotics and
vaccines, will also benefit from the controlled release and extended release features of the drug.
Although this paper focuses on the optimization of haloperidol within the XME platform, the
platform is easily adaptable to other drugs. This paper elucidates solvent choices for haloperidol, a
hydrophobic drug, but it is important to specify these choices for other types of drugs, especially
hydrophilic drugs and biologics (proteins and antibodies). The next development steps should
explore applications in these two areas, which will fully specify the platform and its range. Steps
should be taken to accelerate this research, and begin to establish the XME platform’s flexibility.

This will be a time-sensitive operation, due to the ongoing race in the pharmaceutical industry to
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develop a ‘go-to’ drug delivery technology in-house. Each successive drug incorporated will give the
research team increasing expertise, and be a step closer to realizing the potential of the PLGA-XME

platform to be one of the foremost advances in the drug-delivery technology race.
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Appendix A: Symbols and Dimensionless Numbers

Symbol Meaning
y Interfacial Tension
n Viscosity
1, Specific Viscosity
/n] Intrinsic Viscosity
A Viscosity Ratio
yo) Density
r Radial Coordinate
KR Polymer Sphere Radius
t Time
C Drug Concentration
D Diffusivity
MW Polymer Chain Molecular Weight
k Polymer Hydrolysis Rate Constant
| Product Sphere Volume
D,, Emulsified Droplet "Wet" Diameter
D, Hardened Particle "Dry" Diameter
D, Pore Diameter
ks Huggins Equation Constant
¢ Dissolved Polymer Concentration
0 Volumetric Flow Rate
dv/ dz Shear Rate
u Superficial Velocity
L Characteristic Length of the Channel (Channel Height)

Weber Number: Ratio of inertial effects to surface tension effects.

We = Ppp 3Qép
Dy y

Pore Capillary Number: Ratio of drag effects to interfacial-tension effects, evaluated at a droplet
attached to a pore

dv

Nep D,
Ca = —dz

pore —
v
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Free Droplet Capillary Number: Ratio of drag effects to interfacial-tension effects, evaluated at a
droplet freely moving with the continuous phase stream

dv
77CP E (Dwet /2)

/4

Ca‘ firee =

Ohnesorge number: Ratio of viscous and capillary time scales

Oh = UCP
Pep Dy ¥

Channel Reynolds number: Ratio of inertial effects to viscous effects, evaluated for continuous
phase flow through a channel.

_Pcpul

channel —
Tlcp

Re

Droplet Reynolds number: Ratio of inertial effects to viscous effects, evaluated for the continuous
phase flowing around a droplet

Viscosity Ratio: Ratio of dispersed phase viscosity to continuous phase viscosity

A E@
Nep

Drag Coefficient: Metric of fluid dynamic resistance to motion

24 4 14, 2
{ﬂ( ]+ 9}1@2 140212 15 1410

+
1/3 0.78 drop
Redrop Redrop Redrop edrop

Ca= (1+2)(5+Re,,)
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Appendix B: MATLAB Script

The full text of the drug release model program (Chapter 3.1) is replicated here. In order to
use the model, the code’s text must be edited manually to enter the initial polymer chain molecular
weight. The program will then prompt the user for all other input parameters once the script is

initiated on MATLAB.

Scripx File “diffusion”

% Set the size and number ratio of both particles

x1l range = input ('Enter small radius [um]: ");

X2 range input ('Enter large radius [um]: ');

x 1 = 0:x1 range/100:x1 range;

b
N
Il
o

:x2 range/100:x2 range;

ratio = input('Ratio of small-to-large: ');

% Set the time-interval

t _range = input ('Enter time range [days]: ");

t = 0:t _range/100:t range;

oe

Spherical coordinates are identified by MATLAB with the number 2

m= 2;

oe

Execute the solver for small and large particles
sol 1 = pdepe (m,@dfsnpde, @dfsnic,@dfsnbc,x 1,t);
ul==sol 1(:,:,1);

sol 2 = pdepe (m,@dfsnpde, @dfsnic,@dfsnbc,x 2,t);

u 2 =sol 2(:,:,1);

% SMALL PARTICLE - Integrate the output matrix

cargo 1 = zeros(l, length(t));
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ind la = 1; %time index
while ind la < length(t) + 1
ind 2a = 1; %space index
sum 1 = 0;
while ind 2a < length(x 1)
sum 1 = sum 1 + 4*pi*0.5* (u_1l(ind la,ind 2a) +
u 1(ind la,ind 2a+1))*(0.5*(x 1(ind 2a) +
x 1(ind 2a+1l)))"2*xl range/100;
ind 2a = ind 2a + 1;
end
cargo_1(ind la) = sum 1;
ind la = ind la + 1;
end

% LARGE PARTICLE - Integrate the output matrix

cargo_2 = zeros(l, length(t));
ind 1b = 1; %time index

while ind 1lb < length(t) + 1
ind 2b = 1; %space index
sum 2 = 0;
while ind 2b < length(x 2)

sum 2 = sum_2 + 4*pi*0.5* (u 2 (ind 1b,ind 2b) +

u 2(ind 1b,ind 2b+1))*(0.5* (x_2(ind 2b) +
x 2(ind 2b+l)))"2*x2 range/100;

ind 2b = ind 2b + 1;
end
cargo_2(ind 1b) = sum 2;
ind 1b = ind 1b + 1;

end
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% Add the profiles

final cargo = zeros(l, length(t));

counter = 1;

while counter < length(t) + 1
final cargo(counter) = ratio*cargo 1 (counter) + cargo 2 (counter);
counter = counter + 1;

end

plot(t, 1 - final cargo/final cargo(l));

Differential Equation and Diffusivity Function “dfsnpde”

function [ c,f,s ] = dfsnpde( x,t,u,DuDx )

k = 0.07; % polymer decay rate [1/day]

M = 10000; % polymer MW -- between 10,000 and 70,000 Da
conv = 8.64*10"16; % converts m"2/s --> um”2/day

c = 1/ (conv*exp(-0.347*1log (M*exp (-k*t)) "3 + 10.394*1log (M*exp (-k*t))"2 -
104.95*1og (M*exp (-k*t)) + 316.95));

o\°

c = 1/diffusivity

This diffusivity equation comes from the Raman model. Given by
paper in [m"2/s], convert to [um"2/day] so we can input values with
implied units of um and days.

o o

oe

f = DuDx; % MATLAB assigns a name to derivative element
s = 0; % No forcing term in the diffusion equation

end

Initial Condition Function “dfsnic”

function [ u0 ] = dfsnic( x )

oe

u0d = 1; Initial uniform concentration profile, units and magnitude
are irrelevant because the concentration profile is simply

a fractional ratio

oe

oe
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end

Boundary Condition Function “dfsnbc”

function

pl
gl
Pr
qr

end

[oNeN o]

~e

Ne Ne

~.

[ pl,gl,pr,qr ] = dfsnbc(

o

o

o° oo

sets
sets
sets
sets

derivative to
derivative to
concentration
concentration
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The full text of the concentration integration formula is replicated here. In order to use the

model, the release profile from the drug release mode (above) must be differentiated with respect to

time and multiplied by the initial drug loading mass. The resulting release rate vector is passed as an

input to the serum concentration model below.

Blood Serum Concentration Model “Conc”

o\

R = input ('Rate Vector: '");

o\

o\

step = input('Time Step: ');

o\

o

(@]
Il

zeros (1, length(R)+1);

o+
Il

zeros(l, length(C)); %

count = 1;

while count <= length(t)

initial loading mult by release profile
derivative

time step must be the same as the
release profile model - usually 0.5 day

blank concentration vector

prepare the time vector

perform the integration, modify C

(R(int) /50 - 0.792*C(int)) *step;

t (count) = (count - 1)*step;
count = count + 1;

end

int = 1;

while int <= length (R) %
C(int+1l) = C(int) +
int = int + 1;

end

plot(t, C);
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Appendix C: SolidWorks

The appendix as follows includes drawings — completed in SolidWorks — of the lower potion of the
channel, the upper portion of the channel, and the channel assemble as imagined. The lower portion
of the channel and the upper portion of the channel all include units — first in English units of
“inches,” then in metric units of “millimeters.” For further information about the channel design

and membrane design, see Chapter 5. For further information about the pore spacing analysis see

Chapter 4.
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Figure C.1. XME apparatus assembly
(upper and lower portions) |
isometric orientation | solid view
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Figure C.1. XME apparatus assembly
(upper and lower portions) |
isometric orientation | wire-frame

view
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Figure C.1. lower section of the XME
apparatus | isometric orientation | wire-
frame view | English units “inches”
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Figure C.1. lower section of the XME
apparatus | isometric orientation |
wire-frame view | metric units

“millimeters”
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Figure C.1. lower section of the XME
apparatus | side view (bottom) top
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Figure C.1. upper section of the XME

apparatus | isometric orientation | wire-

frame view | English units “inches”
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Figure C.1. upper section of the XME
apparatus | isometric orientation | wire-

frame view | metric units “millimeters”
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Appendix D: Unit Specification Sheets

This appendix provides unit specification sheets for all process equipment described in Chapter 4.
For each piece of equipment, the following information is listed: function, operation, materials
handled, equipment characteristics, and operating conditions. The function listing details streams
being processed in the unit as well as other units linked by those streams. Operation is either batch or
semi-continuous, and the nature of the operation schedule is also reported. ‘Materials handled’
includes quantities of each component entering the equipment unit. Equipment characteristics were
found based on process needs (including operating conditions), and ASPEN Process Economic
Analyzer was used to further specify conditions such as diameter or height of a vessel. The program

was also used to price equipment, unless a vendor and model is otherwise specified.
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Mixing Tank (M-1)

Tank used to mix components of continuous phase (CP) solution over the course
of twelve hours to ensure dissolution of poly(vinyl) alcohol before transfer to a

Function: continuous feed storage tank
Operation: Batch
12 hr preparation followed by 12 hr delivery
Quantity: 2
Input: Quantity (kg/batch):
Poly(vinyl) alcohol 388.26
Materials Handled: Deionized water 37944.55
Dichloromethane 493.09
TOTAL (kg/batch) 38825.90
Material of Construction: Carbon Steel
Volume capacity: 41.4 m3
Characteristics: Height: 43 m
Diameter: 3.5 m
Working Capacity: 80%
Sterilization: SIP/CIP
Temperature: 95°C
Operating Conditions: Pressure: 1 bar

Purchase Cost:

$82,200  per unit
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Mixing Tank (M-2)

Tank used to mix components of dispersed phase (DP) necessaty for 12 hours of
channel operation plus 2 hours of startup operation. Once complete, the tank

Function: continuously delivers DP to streams FEED 2 and FEED 4
Operation: Batch
3 hr preparation followed by 12 hrs delivery
Quantity: 2
Input: Quantity (kg/batch):
Poly(lactide-co-glycolide) 12.29
Materials Handled: Haloperidol 1.46
Dichloromethane 134.00
TOTAL (kg/batch) 147.75
Vendot: Mixer Direct
Model: SSTSC0030
Material of Construction: Stainless Steel
Characteristics: Nominal capacity: 113.6 L.
Height: 0.94 m
Diameter: 0.53 m
Sterilization: SIP/CIP
Temperature: 20°C
Operating Conditions: Pressure: 1 bar

Purchase Cost:

$2,310 per unit
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Sanitary Pump (P-1)

Pump to transfer CP from mixing tank M-1 to the single large-

particle channel array via stream FEED 3

Function:
Operation: Continuous
Quantity: 1
Input: Quantity (kg/hr):

Materials Handled:

Characteristics:

Operating Conditions:

Poly(vinyl) alcohol
Deionized water

Dichloromethane

TOTAL (kg/hr)

Vendor:
Model:

Type:

Material of Construction:

Max. Flow Rate:
Flow Rate:

Sterilization:

Temperature:
Power:

Pressure Change:

1.63
159.43
2.07
163.13

Watson-Marlow
520R2

Peristaltic
Stainless Steel 316
4.2 LPM

2.7 LPM
SIP/CIP

20°C
01 kW
25 psi

Purchase Cost:

$2,900 per unit
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Sanitary Pump (P-2)

Pump to transfer CP from mixing tank M-1 to the six channels in the small-
particle array via stream FEED 1

Function:

Operation: Continuous

Quantity: 6
Input: Quantity (ke/hr):
Poly(vinyl) alcohol 4.350

Materials Handled: Deionized water 425.159
Dichloromethane 5.525
TOTAL (kg/ht) 435.034
Vendort: Watson-Marlow
Model: 620L
Type: Peristaltic

Characteristics: Material of Construction: Stainless Steel 316
Max. Flow Rate: 14.0 LPM
Flow Rate: 5.5 LPM
Sterilization: SIP/CIP
Temperature: 20°C

Operating Conditions: Power: 20 kW
Pressure Change: 25 psi

Purchase Cost: $3,200 per unit
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Sanitary Pump (UP-1)

Pump to transfer DP from mixing tank M-2 to each six small-
particle channel via stream FEED 2

Function:

Operation: Continuous

Quantity: 6
Input: Quantity (ke/hr):
PLGA 0.122

Materials Handled: Haloperidol 0.014
Dichloromethane 1.329
TOTAL (kg/ht) 1.465
Type: Peristaltic

Characteristics: Material of Construction: Stainless Steel 316
Fluid Head: 51.8m
Flow Rate: 1.11 L/hr
Sterilization: SIP/CIP
Temperature: 20°C

Operating Conditions: Power: .01 kW
Pressure Change: 25 psi

Purchase Cost:

$1,600 per unit
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Sanitary Pump (UP-2)

Pump to transfer DP from mixing tank M-2 to the single large-

particle channel array via stream FEED 4

Function:

Operation: Continuous

Quantity: 1
Input: Quantity (ke/hr):
PLGA 0.147

Materials Handled: Haloperidol 0.017
Dichloromethane 1.599
TOTAL (kg/hr) 1.763
Type: Peristaltic

Characteristics: Material of Construction: Stainless Steel 316
Fluid Head: 51.8 m
Flow Rate: 1.34 L/hr
Sterilization: SIP/CIP
Temperature: 20°C

Operating Conditions: Power: .01 kW
Pressure Change: 25 psi

Purchase Cost:

$1,600 per unit
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Sanitary Pump (P-3)

Pump to transfer 70% CP exiting the large-particle array via a draw-off fixture
within the channel end to distillation tower D-1 via stream DIVERT 1

Function:
Operation: Continuous
Quantity: 1
Input: Quantity (ke/hr):

Materials Handled:

Characteristics:

Operating Conditions:

Poly(vinyl) alcohol
Deionized water

Dichloromethane

TOTAL (kg/hr)

Type:

Material of Construction:
Flow Rate:

Fluid Head:

Sterilization:

Temperature:
Power:

Pressure Change:

1.14
111.60
1.45
114.19

Centrifugal
Stainless Steel 316
1.89 LPM

9.14 m

CIP

20°C
01 kW
25 psi

Purchase Cost:

$2,900
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Sanitary Pump (P-4)

Pump to transfer 70% CP exiting each channel of the small-particle array via a
draw-off fixture within the channel end to distillation tower D-1 via stream

Function: DIVERT 2

Operation: Continuous

Quantity: 6
Input: Quantity (ke/hr):
Poly(vinyl) alcohol 3.05

Materials Handled: Deionized water 297.61
Dichloromethane 3.87
TOTAL (kg/hr) 304.52
Type: Centrifugal
Material of Construction: Stainless Steel 316

Characteristics: Flow Rate: 5.04 LPM
Fluid Head: 9.14 m
Sterilization: CIP
Temperature: 20°C

Operating Conditions: Power: 19 kW
Pressure Change: 25 psi

Purchase Cost:

$2,900 per unit
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Vacuum Tank with Diafiltration (T-1)

Hardens small particles leaving the small-particle channel array in stream
OUTFLOW S with rinsing by streams NACL 2, WATER 2, and SOAK 2, and

Function: evaporates residual DCM solvent from the particles
Operation: Semi-batch
12 hour operation period
Quantity: 6
Input: Quantity (kg/batch):

Materials Handled:

Characteristics:

Operating Conditions:

Poly(vinyl) alcohol
Deionized water
Dichloromethane

TOTAL (kg/batch)

Capacity:
Height:

Inside Diameter:

Interior Construction:

Sterilization:

Temperature:

Pressure:

1.47
288.84
1.86
292.17

350 L

‘1.25m

.60 m

316L Electropolished Stainless Steel
SIP/CIP

40°C
0.56 bar

Purchase Cost:

$12,100 per unit
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Vacuum Tank with Diafiltration (T-2)

Hardens large particles leaving the large-particle channel array in stream
OUTFLOW L with rinsing by water from stream WATER 1, and evaporates

Function: residual DCM solvent from the particles
Operation: Semi-batch
12 hour operation period
Quantity: 6
Input: Quantity (kg/batch):

Materials Handled:

Characteristics:

Operating Conditions:

Poly(vinyl) alcohol
Deionized water
Dichloromethane

TOTAL (kg/batch)

Capacity:
Height:

Inside Diameter:

Interior Construction:

Sterilization:

Temperature:

Pressure:

2741
5391.68
34.81
5453.90

6.19 m3

3.50 m

1.50 m

316L Electropolished Stainless Steel
SIP/CIP

40°C
0.56 bar

Purchase Cost:

$35,500 per unit
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Sanitary Pump (P-5)

Pump to transfer the remaining 30% CP exiting vacuum tank T-2 and wastewater
retentate to the distillation step via stream DIVERT 3

Function:
Operation: Semi-continuous
Continuous function during each 2 hour Vacuum Tank L batch
Quantity: 6
Input: Quantity (kg/batch):
Poly(vinyl) alcohol 1.47
Materials Handled: Deionized water 288.84
Dichloromethane 1.86
TOTAL (kg/batch) 292.17
Type: Centrifugal
Material of Construction: Stainless Steel 316
Characteristics: Flow Rate: 1.62 LPM
Fluid Head: 9.14 m
Sterilization: CIP
Temperature: 20°C
Operating Conditions: Power: .01 kW
Pressure Change: 25 psi

Purchase Cost:

$2,900 per unit
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Sanitary Pump (P-6)

Pump to transfer the remaining 30% CP exiting vacuum tank T-1 and wastewater
retentate to the distillation step via stream DIVERT 4

Function:
Operation: Semi-continuous
Continuous function during each 3 hour Vacuum Tank S batch
Quantity: 6
Input: Quantity (kg/batch):
Poly(vinyl) alcohol 27.41
Materials Handled: Deionized water 5391.68
Dichloromethane 34.81
TOTAL (kg/batch) 5453.90
Type: Centrifugal
Material of Construction: Stainless Steel 316
Characteristics: Flow Rate: 30.31 LPM
Fluid Head: 9.14 m
Sterilization: CIP
Temperature: 20°C
Operating Conditions: Power: 38 kW
Pressure Change: 25 psi

Purchase Cost:

$3,300 per unit
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Sanitary Pump (P-7)

Pump to transfer CP and dilute CP from streams DIVERT 1-4 accumulated in
surge tank T-3 and transferred to tank T-4 to be pumped to distillation tower D-1

Function:

Operation: Continuous

Quantity: 1
Input: Quantity (kg/batch):
Poly(vinyl) alcohol 87.63

Materials Handled: Deionized water 9225.57
Dichloromethane 5902.98
TOTAL (kg/batch) 15216.18
Type: Centrifugal
Material of Construction: Stainless Steel 316

Characteristics: Flow Rate: 5138 L/hr
Fluid Head: 9.14 m
Sterilization: CIP
Temperature: 20°C

Operating Conditions: Power: 38 kW
Pressure Change: 25 psi

Purchase Cost: $3,300

226



Surge Tank (T-3)

Tank receives continuous and semi-continuous input from streams DIVERT 1-4,
and has volumetric control such that tank contents surge into tank T-4 for

Function: continuous feed of constant composition to distillation column D-1
Operation: Semi-batch

Follows 3 hour batch cycle for filling to constant composition before surging into
tank T-4

Quantity: 1

Input: Quantity (kg/batch):
Poly(vinyl) alcohol 266.81
Materials Handled: Deionized water 28446.94
Dichloromethane 1771391
TOTAL (kg/batch) 46427.66
Capacity: 48.11 m3
Characteristics: Inside Diameter: 3.5m
Height: 5.0 m
Interior Construction: 316L Electropolished Stainless Steel
Sterilization: CIP
Temperature: 20°C
Operating Conditions: Pressure: 1 bar
Purchase Cost: $55,900
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Storage/Mixing Tank (T-4)

Tank receiving periodic input of CP from T-2 and continuously delivering
through pump P-7 to distillation column

Function:
Operation: Continuous
90 day process period
Quantity: 1
Input: Quantity (kg/hr):

Materials Handled:

Characteristics:

Operating Conditions:

Poly(vinyl) alcohol
Deionized water
Dichloromethane

TOTAL (kg/ht)

Capacity:
Inside Diameter:

Height:

Interior Construction:

Sterilization:

Temperature:

Pressure:

88.94
9482.31
5904.64

15475.89

48.11 m3

35m

5.0m

316L Electropolished Stainless Steel
CIP

20°C
1 bar

Purchase Cost:

$56,800
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Function:

Storage Tank (T-5)

Tank receiving semi-continuous input of haloperidol-water solution from streams
DIVERT 5 and DIVERT 6 via pumps P-8 and P-9

Operation:

Quantity:

Materials Handled:

Characteristics:

Operating Conditions:

Semi-continuous
Filled with wastewater for a 10 hour period per vacuum tank in use

Capacity for two 12 hour batches of both XME channel arrays

1

Input: Quantity (ke/hr):
Deionized water 411.832
Haloperidol 0.015
TOTAL (kg/hr) 411.846
Capacity: 8.24 m?

Inside Diameter: 20m

Height: 27m

Interior Construction: 316L Electropolished Stainless Steel
Sterilization: CIP
Temperature: 20°C

Pressure: 1 bar

Purchase Cost:

$22,500
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Sanitary Pump (P-8)

Pump to continuously transfer the haloperidol-water solution from tank T-1 in
stteam DIVERT 6 to tank T-5 for delivery to wastewater treatment

Function:

Operation: Semi-continuous
10 hour pumping period

Quantity: 6
Input: Quantity (kg/ht):

Materials Handled: Deionized water 24.225
Haloperidol 0.012
TOTAL (kg/hr) 24.238
Type: Centrifugal
Material of Construction: Stainless Steel 316

Characteristics: Flow Rate: 2423 1./hr
Fluid Head: 9.14 m
Sterilization: CIP
Temperature: 20°C

Operating Conditions: Power: .01 kW
Pressure Change: 25 psi

Purchase Cost: $2,900 per unit
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Sanitary Pump (P-9)

Pump to continuously transfer the haloperidol-water solution from tank T-2 in
stteam DIVERT 5 to tank T-5 for delivery to wastewater treatment

Function:

Operation: Semi-continuous
10 hour pumping period

Quantity: 6
Input: Quantity (ke/hr):

Materials Handled: Deionized water 387.606
Haloperidol 0.002
TOTAL (kg/hr) 387.609
Type: Centrifugal
Material of Construction: Stainless Steel 316

Characteristics: Flow Rate: 6.46 LPM
Fluid Head: 9.14 m
Sterilization: CIP
Temperature: 20°C

Operating Conditions: Power: 19 kW
Pressure Change: 25 psi

Purchase Cost: $3,200
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Distillation Column (D-1)

Separates the organic and aqueous phases of the CP and dilute CP delivered to
tanks T-3 and T-4 via streams DIVERT 1-4. Water carries the heavy polymer in

Function: the bottoms product with trace DCM.
Operation: Continuous
90 day process period
Quantity: 1
Input: Quantity (kg/hr):
Poly(vinyl) alcohol 87.63
Materials Handled: Deionized water 9225.57
Dichloromethane 5902.98
TOTAL (kg/ht) 15216.18
Reflux Ratio: 1
Number Trays: 10
Characteristics: Feed Tray: 5
Height: 6.40 m
Diameter: 0.85 m
Material of Construction: Electropolished Stainless Steel 316
Temperature: 20°C
Operating Conditions: Pressure: 1 bar

Purchase Cost:

$56,800
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Function:

Storage Tank (S-1)

Tank receives continuous flow of DCM-rich distillate product from distillation
tower D-1 before distribution to industries utilizing low-purity DCM

Operation:

Batch

Tank contents distributed to small vessels suitable for transport to purchasers

Input: Quantity (ke/hr):
Poly(vinyl) alcohol 0.00
Materials Handled: Deionized water 145.40
Dichloromethane 5904.60
TOTAL (kg/ht) 6050.00
Material of Construction: Stainless Steel 316
Volume: 4550 L.
Characteristics: Height: 4.02 m
Diameter: 1.20 m
Sterilization: CIP
Temperature: 20°C
Operating Conditions: Pressure: 1 bar
Purchase Cost: $17,200
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Storage Tank (S-2)

Tank receives continuous flow of PV A-rich water bottoms product from
distillation tower D-1 before transport to wastewater treatment plant

Operation: Batch
Tank contents distributed to small vessels suitable for transport to purchasers
Input: Quantity (ke/hr):
Poly(vinyl) alcohol 88.94
Materials Handled: Deionized water 9336.91
Dichloromethane trace
TOTAL (kg/ht) 9425.85
Material of Construction: Stainless Steel 316
Volume: 9360 L
Characteristics: Height: 5.30 m
Diameter: 1.50 m
Working Capacity: 80%
Sterilization: CIP
Temperature: 20°C
Operating Conditions: Pressure: 1 bar
Purchase Cost: $20,200
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Freeze-Dry (F-1)

Liquid nitrogen flash freezing of particles removed from Vacuum Tank L and

i Vacuum Tank S, where different-sized particles are kept separate, and drying of
Function:

residual liquid phases
Operation: Batch
10 hours freeze-drying
Quantity: 1
Input: Quantity (ke/hr):
Poly(lactide-co-glycolide) 10.373
Materials Handled: Haloperidol 1.248
Water residual
TOTAL (kg/cycle) 11.620
Vendort: Millrock Technology
Model: MX85S10
Characteristics: Material of Construction: Stainless Steel 316
Maximum volume: 30 L
Vacuum Pump: 375 LPM
Sterilization: CIP
Temperature: (-) 70°C
Operating Conditions: Pressure: 13.3 Pa
Purchase Cost: $99,950
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Function:

Ampoule-Filling Unit (A-1)

Dispenses precise amounts of 20 and 50 um freeze-dried
particles and dry PBS media into sealed individual dose

ampoules.
Operation: Batch
100 dose-ampoules/min
Quantity: 1
Input: Quantity (kg/hr):
Poly(lactide-co-glycolide) 10.373
Materials Handled: Haloperidol 1.248
TOTAL (kg/cycle) 11.620

Characteristics:

Operating Conditions:

Material of Construction:
Total power:

Filling precision:
Working Capacity:
Sterilization:

Vendort:

Model:

Temperature:
Pressure:

Motor power:

Stainless Steel 316

1.2 kW

<13%

80-150 ampoules/min

CIP

Liaoyang Pharma Machinery
Imp. & Exp. Co., Ltd.

KH-D-Z Micto-
computerized Dual Head
Powder Filling Machine

20°C
1 bar
37 kW

Purchase Cost:

$1,055,000
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Appendix E: ASPEN Reports

This Appendix contains all ASPEN-program related information generated during the course of the
project, involving either ASPEN PLUS simulations or economic analysis. The following is a list of

all sections contained, in order of appearance:

1. ASPEN PLUS: Distillation Tower Input Summary
2. ASPEN PLUS: Distillation Tower Simulation Results
3. ASPEN IPE: Distillation Tower Results Summary

4. ASPEN Process Economic Analyzer: Purchase Cost Results for Select Equipment Units
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ASPEN PLUS: Distillation Tower Input Summary

; Input Summary created by Aspen Plus Rel. 25.0 at 13:05:17 Sun Apr 1, 2012
;Directory C:\Users\sidhug\AppData\Local\Temp Filename
C:\Users\sidhug\AppData\Local\Temp\~ap8fle.txt

I

DYNAMICS
DYNAMICS RESULTS=ON

TITLE 'dcm-water no decant'

IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr' &
HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C &
VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum' &
MASS-DENSITY="'kg/cum' MOLE-ENTHALP='kcal/mol' &
MASS-ENTHALP="'kcal/kg' HEAT=Gcal MOLE-CONC='mol/1' &
PDROP=bar

DEF-STREAMS CONVEN ALL
SIM-OPTIONS MASS-BAL-CHE=YES OLD-DATABANK=YES
DESCRIPTION "
General Simulation with Metric Units
C, bar, kg/hr, kmol/hr, Gcal/hr, cum/hr.
Property Method: None

Flow basis for input: Mole

Stream report composition: Mole flow

DATABANKS PURE25 / AQUEOUS / SOLIDS / INORGANIC / &
NOASPENPCD

PROP-SOURCES PURE25 / AQUEOUS / SOLIDS / INORGANIC

COMPONENTS
WATER H20 /
DICHLORO CH2CL2

FLOWSHEET
BLOCK DIST IN=CP OUT=DCM H20

PROPERTIES NRTL

PROP-DATA NRTL-1
IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr' &
HEAT—TRANS—C:'kcal/hr—sqm—K' PRESSURE=bar TEMPERATURE=C &
VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum' &
MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol' &
MASS-ENTHALP="'kcal/kg' HEAT=Gcal MOLE-CONC='mol/1' &
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PDROP=bar

PROP-LIST NRTL

BPVAL WATER DICHLORO 0.0 1483.863200 .3000000000 0.0 0.0 &
0.0 38.30000000 73.00000000

BPVAL DICHLORO WATER 0.0 941.4288000 .3000000000 0.0 0.0 &
0.0 38.30000000 73.00000000

STREAM CP
SUBSTREAM MIXED TEMP=20. PRES=1. MASS-FLOW=15475.887
MASS-FLOW WATER 9571.252 / DICHLORO 5904.635

BLOCK DIST RADFRAC
PARAM NSTAGE=10
COL-CONFIG CONDENSER=PARTIAL-V
FEEDS CP 5
PRODUCTS DCM 1 V / H20 10 L
P-SPEC 1 1.
COL-SPECS MASS-D=6050. MOLE-RR=1.

EO-CONV-OPTI

STREAM-REPOR MOLEFLOW

’
’
’
’

’
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ASPEN PLUS: Distillation Tower Simulation Results

ASPEN PLUS PLAT: WIN32 VER: 25.0 04/01/2012 PAGE 1
DCM-WATER NO_ DECANT
RUN CONTROL SECTION

DESCRIPTION
General Simulation with Metric Units : C, bar, kg/hr, kmol/hr,
Gcal/hr, cum/hr. Property Method: None Flow basis for input: Mole
Stream report composition: Mole flow

ASPEN PLUS PLAT: WIN32 VER: 25.0 04/01/2012 PAGE 2
DCM-WATER NO_DECANT
FLOWSHEET SECTION

FLOWSHEET CONNECTIVITY BY STREAMS

STREAM SOURCE DEST STREAM SOURCE DEST
CP -——- DIST DCM DIST -——-
H20 DIST -——-

BLOCK INLETS OUTLETS
DIST CPp DCM H20

COMPUTATIONAL SEQUENCE

SEQUENCE USED WAS:
DIST

OVERALL FLOWSHEET BALANCE

***x MASS AND ENERGY BALANCE  ***

IN OUT RELATIVE DIFF.
CONVENTIONAL COMPONENTS (KMOL/HR )
WATER 531.285 531.285 0.514189E-006
DICHLORO 69.5217 69.5220 -0.392942E-05
TOTAL BALANCE
MOLE (KMOL/HR ) 600.807 600.807 0.00000
MASS (KG/HR ) 15475.9 15475.9 -0.118122E-05
ENTHALPY (GCAL/HR ) -37.8785 -37.0382 -0.221848E-01
**x%  CO2 EQUIVALENT SUMMARY ***
FEED STREAMS CO2E 51370.3 KG/HR
PRODUCT STREAMS CO2E 51370.5 KG/HR
NET STREAMS CO2E PRODUCTION 0.201856 KG/HR
UTILITIES CO2E PRODUCTION 0.00000 KG/HR
TOTAL CO2E PRODUCTION 0.201856 KG/HR
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ASPEN PLUS PLAT: WIN32 VER: 25.0 04/01/2012 PAGE 3
DCM-WATER NO_DECANT
PHYSICAL PROPERTIES SECTION

COMPONENTS
ID TYPE ALIAS NAME
WATER C H20 WATER
DICHLORO C CH2CL2 DICHLOROMETHANE
ASPEN PLUS PLAT: WIN32 VER: 25.0 04/01/2012 PAGE 4
DCM-WATER NO_ DECANT
U-0-S BLOCK SECTION
BLOCK: DIST MODEL: RADFRAC
INLETS - CP STAGE 5
OUTLETS - DCM STAGE 1
H20 STAGE 10
PROPERTY OPTION SET: NRTL RENON (NRTL) / IDEAL GAS

**% MASS AND ENERGY BALANCE  ***

IN ouT RELATIVE DIFF.
TOTAL BALANCE
MOLE (KMOL/HR ) 600.807 600.807 0.00000
MASS (KG/HR ) 15475.9 15475.9 -0.118122E-05
ENTHALPY (GCAL/HR ) -37.8785 -37.0382 -0.221848E-01

***x  CO2 EQUIVALENT SUMMARY ***

FEED STREAMS CO2E 51370.3 KG/HR
PRODUCT STREAMS CO2E 51370.5 KG/HR
NET STREAMS CO2E PRODUCTION 0.201856 KG/HR
UTILITIES CO2E PRODUCTION 0.00000 KG/HR
TOTAL CO2E PRODUCTION 0.201856 KG/HR

KAk AIAAXAA X AA XA XA KA XA KA KK

**x*x  INPUT DATA x**x*
Kk kK Kk kK ok kK ok kK kK Kk ok kK Kk k

xxx*x INPUT PARAMETERS xxx*x

NUMBER OF STAGES 10

ALGORITHM OPTION STANDARD
ABSORBER OPTION NO
INITIALIZATION OPTION STANDARD
HYDRAULIC PARAMETER CALCULATIONS NO

INSIDE LOOP CONVERGENCE METHOD BROYDEN

DESIGN SPECIFICATION METHOD NESTED
MAXIMUM NO. OF OUTSIDE LOOP ITERATIONS 25

MAXIMUM NO. OF INSIDE LOOP ITERATIONS 10

MAXIMUM NUMBER OF FLASH ITERATIONS 30

FLASH TOLERANCE 0.000100000
OUTSIDE LOOP CONVERGENCE TOLERANCE 0.000100000
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ASPEN PLUS PLAT: WIN32 VER: 25.0 04/01/2012 PAGE 5

DCM-WATER NO_DECANT
U-0-S BLOCK SECTION

BLOCK: DIST MODEL: RADFRAC (CONTINUED)

x*k%x  COL-SPECS  **x*

MOLAR VAPOR DIST / TOTAL DIST 1.00000
MOLAR REFLUX RATIO 1.00000
MASS DISTILLATE RATE KG/HR 6,050.00
ok PROFILES ~ ****

P-SPEC STAGE 1 PRES, BAR 1.00000

RIS R I Sb b b Sb db I Sb b I S b I b 3

* Kk Kk Kk RESULTS * Kk Kk Kk
kA Ak Ak Ak XA Ak I A Ak h AKX kA KK

xxx COMPONENT SPLIT FRACTIONS xxx

OUTLET STREAMS

DCM H20
COMPONENT :
WATER .15185E-01 . 98481
DICHLORO 1.0000 0.0000
xxx SUMMARY OF KEY RESULTS xxx
TOP STAGE TEMPERATURE C 46.6110
BOTTOM STAGE TEMPERATURE C 99.6491
TOP STAGE LIQUID FLOW KMOL/HR 77.5897
BOTTOM STAGE LIQUID FLOW KMOL/HR 523.217
TOP STAGE VAPOR FLOW KMOL/HR 77.5897
BOILUP VAPOR FLOW KMOL/HR 174.009
MOLAR REFLUX RATIO 1.00000
MOLAR BOILUP RATIO 0.33257
CONDENSER DUTY (W/O SUBCOOL) GCAL/HR -0.85656
REBOILER DUTY GCAL/HR 1.69689

ol MAXIMUM FINAL RELATIVE ERRORS ol

DEW POINT 0.64158E-06 STAGE= 1
BUBBLE POINT 0.28046E-04 STAGE= 1
COMPONENT MASS BALANCE 0.33663E-05 STAGE= 2 COMP=DICHLORO
ENERGY BALANCE 0.57488E-05 STAGE= 2
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ASPEN PLUS

BLOCK:

*

PLAT

DIST

* Kk K

PROFIL

: WIN3

MODEL: RADFRAC

ES *

2

* Kk

VER: 25.0

DCM-WATER NO_DECANT

U-0-S BLOCK SECTI

(CONTINUED)

ON

04/01/2012

PAGE 6

**NOTE** REPORTED VALUES FOR STAGE LIQUID AND VAPOR RATES ARE THE FLOWS
FROM THE STAGE INCLUDING ANY SIDE PRODUCT.

ENTHALPY
STAGE TEMPERATURE PRESSURE KCAL/MOL
C BAR LIQUID VAPOR
1 46.611 1.0000 -67.779 -26.188
2 83.793 1.0000 -67.182 -41.464
3 84.464 1.0000 -67.171 -41.977
4 84.477 1.0000 -67.170 -41.987
5 98.894 1.0000 -66.919 -56.217
6 99.646 1.0000 -66.906 -57.150
8 99.649 1.0000 -66.906 -57.154
9 99.649 1.0000 -66.906 -57.154
10 99.649 1.0000 -66.906 -57.154
STAGE FLOW RATE FEED RATE
KMOL/HR KMOL/HR
LIQUID VAPOR LIQUID VAPOR MIXED
1 77.59 77.59
77.5896
2 82.59 155.2
3 82.69 160.2
4 87.20 160.3 68.5979
5 696.2 96.19 532.2089
6 697.2 173.0
8 697.2 174.0
9 697.2 174.0
10 523.2 174.0
xx*x%  MASS FLOW PROFILES  ***x*
STAGE FLOW RATE FEED RATE
KG/HR KG/HR
LIQUID VAPOR LIQUID VAPOR MIXED
1 14009. 6050.
6050.0000
2 1491. 7459.
3 1493. 7541.
4 1574. 7543. 5719.2722
5 0.1254E+05 1905. 9756.6147
6 0.1256E+05 3118.
8 0.1256E+05 3135.
9 0.1256E+05 3135.
10 942e6. 3135.
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HEAT DUTY
GCAL/HR

-0.8565

1.6968

PRODUCT RATE

KMOL/HR
LIQUID VAPOR
523.2172

PRODUCT RATE
KG/HR

LIQUID VAPOR

9425.9052



ASPEN PLUS PLAT: WIN32 VER: 25.0 04/01/2012 PAGE
DCM-WATER NO_DECANT
U-0-S BLOCK SECTION

BLOCK: DIST MODEL: RADFRAC (CONTINUED)
*xx X MOLE-X-PROFILE *xx X
STAGE WATER DICHLORO
1 0.99784 0.21587E-02
2 0.99944 0.56283E-03
3 0.99946 0.53902E-03
4 0.99946 0.53857E-03
5 0.99997 0.27172E-04
6 1.0000 0.11021E-06
8 1.0000 0.17971E-11
9 1.0000 0.72569E-14
10 1.0000 0.29215E-16
x KKk MOLE-Y-PROFILE XXX
STAGE WATER DICHLORO
1 0.10398 0.89602
2 0.55091 0.44909
3 0.56568 0.43432
4 0.56596 0.43404
5 0.97330 0.26699E-01
6 0.99989 0.10936E-03
8 1.0000 0.17833E-08
9 1.0000 0.72008E-11
10 1.0000 0.28989E-13
* k k% K-VALUES * k Kk x
STAGE WATER DICHLORO
1 0.10420 415.06
2 0.55122 797.91
3 0.56598 805.76
4 0.56627 805.91
5 0.97333 982.61
6 0.99989 992.23
8 1.0000 992.27
9 1.0000 992.27
10 1.0000 992.27
Kok kK MASS-X-PROFILE *Rx K
STAGE WATER DICHLORO
1 0.98990 0.10096E-01
2 0.99735 0.26479E-02
3 0.99746 0.25361E-02
4 0.99747 0.25340E-02
5 0.99987 0.12809E-03
6 1.0000 0.51959E-06
8 1.0000 0.84725E-11
9 1.0000 0.34212E-13
10 1.0000 0.13773E-15
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ASPEN PLUS PLAT: WIN32 VER: 25.0 04/01/2012 PAGE 8
DCM-WATER NO_DECANT
U-0-S BLOCK SECTION

BLOCK: DIST MODEL: RADFRAC (CONTINUED)
*xx X MASS-Y-PROFILE *xx X
STAGE WATER DICHLORO
1 0.24023E-01 0.97598
2 0.20648 0.79352
3 0.21646 0.78354
4 0.21666 0.78334
5 0.88548 0.11452
6 0.99948 0.51535E-03
8 1.0000 0.84071E-08
9 1.0000 0.33948E-10
10 1.0000 0.13667E-12
ASPEN PLUS PLAT: WIN32 VER: 25.0 04/01/2012 PAGE 9

DCM-WATER NO DECANT
STREAM SECTION

CP DCM H20

STREAM ID CP DCM H20
FROM : -———- DIST DIST
TO : DIST -———- -———=

SUBSTREAM: MIXED

PHASE: MIXED VAPOR LIQUID
COMPONENTS: KMOL/HR

WATER 531.2852 8.0677 523.2173

DICHLORO 69.5217 69.5220 1.5286-14
TOTAL FLOW:

KMOL/HR 600.8069 77.5897 523.2173

KG/HR 1.5476+04 6050.0000 9425.9053

CUM/HR 1681.6750 2062.7973 10.2605
STATE VARIABLES:

TEMP C 20.0000 46.6110 99.6491

PRES BAR 1.0000 1.0000 1.0000

VFRAC 0.1142 1.0000 0.0

LFRAC 0.8858 0.0 1.0000

SFRAC 0.0 0.0 0.0
ENTHALPY:

KCAL/MOL -63.04061 -26.1881 -66.9058

KCAL/KG -2447.5824 -335.8557 -3713.8348

GCAL/HR -37.8785 -2.0319 -35.0063
ENTROPY:

CAL/MOL-K -37.0321 -18.6367 -34.9234

CAL/GM-K -1.4377 -0.2390 -1.9385
DENSITY:

KMOL/CUM 0.3573 3.7614-02 50.9936

KG/CUM 9.2027 2.9329 918.6633
AVG MW 25.7585 77.9743 18.0153
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ASPEN PLUS PLAT: WIN32 VER: 25.0 04/01/2012 PAGE 10
DCM-WATER NO_DECANT
PROBLEM STATUS SECTION

BLOCK STATUS

KA AR A A A AR A AR A A A A A AR A A A A A AR A A A R A AR A A AR A AR A AR A AR A AR A AR A AN A AR A AN KA AR A A AR KKK,k
Calculations were completed normally

All Unit Operation blocks were completed normally

*
*
*
*
*
* All streams were flashed normally
*

*

*
*
*
*
*
*
*
*

KK R AR R AR A A A A A A A A A A A A AR A AR A AR A AR A A AR A A A AR A A A A A A AR A AR A AR A AR A A AR AR A AR A A AR Ak kK
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ASPEN IPE: Distillation Tower Results Summary

PROJECT RESULTS SUMMARY

Total Project Capital Cost Cost 1.61E+04
Total Raw Materials Cost Cost/period 0
Total Products Sales Cost/period 0
Total Operating Labor and Maintenance Cost Cost/period 491838
Total Utilities Cost Cost/period 599168
Total Operating Cost Cost/period 1.67TE+06
Operating Labor Cost Cost/period 482130
Maintenance Cost Cost/period 9708.34
Operating Charges Cost/period 120533
Plant Overhead Cost/period 245919
Subtotal Operating Cost Cost/period 1.46E+06

i and A Cost 116597



ASPEN Process Economic Analyzer:

Purchase Cost Results for Select Equipment Units

Unit

Mixing Tank (M-1)
Mixing Tank (M-2)
Sanitary Pump (P-1)
Sanitary Pump (P-2)
Sanitary Pump (UP-2)
Sanitary Pump (UP-1)
Sanitary Pump (P-3)

Sanitary Pump (P-4)

Vacuum Tank with Diafiltration (T-1)
Vacuum Tank with Diafiltration (T-2)
Sanitary Pump (P-5)

Sanitary Pump (P-6)

Sanitary Pump (P-7)

Surge Tank (T-3)

Storage/Mixing Tank (T-4)

Storage Tank (T-5)

Pump (P-8)

Sanitary Pump (P-9)

Distillation Column (D-1)

Storage Tank (S-1)

Storage Tank (S-2)

Bare Module

Quantity Total Bare Module

$82,200
$2,310
$2,900
$3,200
$1,600
$1,600
$2,900

$2,900
$12,100
$35,500
$2,900
$3,300
$3,300
$55,900
$56,800
$22.500
$2,900
$3,200
$160500
$17,200
$20,200
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$164,400
$4.620
$2,900
$19,200
$1,600
$1,600
$2,900

$17,400
$72,600
$213,000
$17,400
$19,800
$3,300
$55,900
$56,800
$22,500
$17,400
$19,200
$160500
$17,200
$20,200



Appendix F: Chronic Disease List

Chronic Disease List

Addison's disease

Asthma

Bronchiectasis

Cardiac failure
Cardiomyopathy

Chronic obstructive pulmonary disorder
Chronic renal disease
Coronary artery disease
Crohn's disease

Diabetes insipidus

Diabetes mellitus types 1 & 2
Dysrhythmias

Epilepsy

Glaucoma

Haemophilia
Hyperlipidaemia
Hypertension
Hypothyroidism

Multiple sclerosis
Parkinson's disease
Rheumatoid arthritis
Schizophrenia

Systemic lupus erythematosus
Ulcerative colitis

All of these diseases have guaranteed Medicare coverage, as per the Medical Schemes Act’s
Prescribed Minimum Benefits, as described in Chapter 7. 18
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Appendix G: MSDS Reports

Thus appendix inclodes Materials, Safety, and Data Sheets (MSD3) reports for all materials handled

in the X ME process as descobed within thas text. Reports are fonnd in the following order:

1 Duchloromethane

2. Disnlled Water

3. Halopendol

4. Poly(D,L-lactide-CO-glyeolide)
5. Poly(vinyl) Alcohol

G, Sodmm Chlonde
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SAFETY DATA SHEET
DICHLOROMETHANE GR GRADE

Page: 1

Compilation daie: 05'11/2004
Rewizion dats: 08 10/2011
Rawizion Mo- 2

Sacdon 1: demication of the subsiancs'mixiure and of the compamy'underraking

[ 1.1 Product demtificr

Prosduot name:
CA S numbser:
EMECS numbsar:
Index numkbser:
Product cods:

S¢nonpma:

HCHLORACKMETHANE GR GRADE
[ L

20 E3E-D

BOE 04 00- 3

ORoDoT

METHYLENE DICHLORIDE, DCA

| 1.2 Rekewant identified uses of the substance or mctum and wses adwised against

| 1.3 Details of the supplier of the sakty daia sheet

Company name:

Tal:
Fam:

Apolo Socntiic Lid

Linils 5 & &

Parkes oy

Damiion

Wandhesicr

W34 355G

UK

DiEl 337 2971

OiEl 336 £532

dwad hideswalkitapallosciendfc.couk

| 1_4. Emarpenoy bels phons number

Bectlon 2: Hazards loendiflcation

[ 21 Chassification of the substancs or mortus

Claasification under CHIP:
Classiication wndsr CLP:
Mosi importan sdvsrse ofie-cia:

En: R22; Xn: B4
Aputs Tox. 42 H302; Canc, 2: H3E1

Harmiud i swallowsd. Limited evidenca of a carcinogenic ahact.

[ 22 Label clmants

Lkl o kemenis. unsder CLIP:
Mz ard statermsnis:

Signal words:
Hazard piciograms:

Haoe- Harmrul i swaliowed.

Hz=1: Sespaded of cousing cancar.
Warning

GHS07T: Exclamation mark

GHSoE: Healkh harand
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SAFETY DATA SHEET
DICHLOROMETHANE GR GRADE

O

Precaulionary statemenis: F308+313: |F asposad or concemed: Gal medical advios'sHenton.
FzB0: Wiear protectve glvosiprolodive clothing! oyo proladionsfaca protection.

Page: 2

Lk | el g vt wmnder CHIP:
Hazard symbols: Harmful

X

Rizk phrasss: P22 Harmiul i oealiossd

Rl Limitad evidance ol a cacnoganio effed
Safety phrasss: 523: Do rol broatha vapour

526: In cazs of contad with oyes, rrss immedalaly with plonty of wator and ssok
medical adrica
528 Afgr contact with sk, wash semedsisly with plenty of wales.
Eag' I3 Wear suilablo profact clothing, glovos and oyo (| faca profection.
545: In cass of accdent or i you feal uresll, seck medcal advice mmedaichy [show
iz |l whesa possibial.

| =3 Othar hazards

PET: This substance is nol idonifiod 2 a PHT substance.

Becton 3: Composidonindormation on ingredients

[ 21 Substances

Chemical identity: ICHLOROMETHANE GR GRADE

Secdon 4: First ald measures

| 1. Desoription of first sid measums

Shin comisoi:  Fomove all confamimalod cloffcs ard fookwear immedaicl inkess stuck fo skin
[hanch tha aHedied skin with runming walor for 10 minuias. or keegar il substance is sill
om skin. Consuit a dodlor.
Eys comtact: Batha $e eyewilh runming waler for 15 minues. Comsukt a dodor.
Imgesstion: 'Wash ot mouth with walar. Do not induce vomiting. F conscious, giea bel @ iva of walan
o crink immediaticly. Consul 2 dodtor
Inhadstion: Famove casualy from @iposurs ensunng ona's own =afaty whilst doing so. Consdlt a
daciar.
| 42 Mosi wpoiant sympioms and etiecis, both aouie and delayed

2kin comiani: Thoro may be imitation and rednoss ol o silo of contad.
Ey= comtaci: Thera may be initation and redness. Tha eyes may water profusaly .
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SAFETY DATA SHEET
HCHLOROMETHANE GR GRADE

Page: 1
Ingesstion: Thara may be soraness and medness of tha mouth and tioal. Hasaa and stomach
pain may soor. Thes may ba womiiing.
Inhalation: Thara may b imitation of B thioat with a fealing of fighiness in e ohwesl.
[ 43 Indication of any immediak medical atention and speoial teamant needed |
Bectdon &: Fire-Highding measures
| 51. Extinguishing media
Extinguishing media: Carbon dicoiida, dry chomical powdar, foam. Suitable aoinguishing media for tha
surmoisnding fire should ba vsad. Usa water spray i oool conianars.
| 5.2 Special hazards arising from the substance or miurs |
Expoaurs hazards: I combusion amits mic umes. Carbon codes. Hedrogen chionda (HOG
| 53 Advice for firs-fighters |
HAdrioe for fire-fighters: ‘Woar sef.containad beaathing apparatus. Waar prolactisa clothing to pravont pontan
with =kin and eyms.
Sacton & Acclgamal nelagss megsues
| & 1. Personal precautions, profeotive equipment and smerpenoy procedus 5
Personal precautiona: Hafier bo sachon B ol S0 fior personal proleciion detals. F oulsids do nol appreach from
downwind. If outside keep bysiandars upwind and sway trom dangor poml. Mark oul the
coniaminaied arca with signs and preven! acoess lo unausthorised parsonnal. Tum
kbaking conanes leak-side up io prevant e escaps of fgwd
| 6.2 Erwircinme ntal pes-cartions
Errvironmenial precationa: Do rol dischange into drains or rears. Contain the spillaga wsing bunding. Alerd the
naighbourfood to tha prosenca of fumas or gas.
| B3 Methods and makrial for containment and chsaning up
Canup proosduss: Clhan-up should bo deahl with only by qualified personral familar wih the spaaific
substance. Absorh inbo dry eaerth or sand. Tresslon fo 2 closabla, labalad sakags
conianar for dispozal by an appopriats method
| B4 Refemnios o other seclions
Bacton 7T : Handling and storage
[ 7.1 Precautions for sake handling |
Handling requiremsnis: fwoid direct conlad with tha substance. Ensure thera is sufficient ventilation of the area
Do rot handia n o confrsd space. dvoid o lmaton or spread) of mists m the ar. Oely
use im fuma bood.

254



SAFETY DATA SHEET
DICHLOROMETHANE GR GRADE

Page: 4
[ 7.2 Conditicns for safs storage, including any incompatibilitics |
Swrage condifiona: Hore in cool, wall venilxiad aree. Keep conlainer fighty closad. Slore under Angon.
Bwitabk packaging: Must only ba kapl in onginal packagng.
[ 7.3 Specific end uscis)
Specific end uselsl: Mo dala avalabls.
Sactlon &; EXposuns I:l:II'HI"IHE'FErB-l:II'IH Fﬂ]‘E’D‘HIH'I
| B1. Comirol parameters
‘Workplace sxposurs limits: B =pirabls dust
Stk 8 Four THEA 15 min. 2TEL 8 Four THA 15 min. STEL
L 1 00 |ppem 300 ppm =] mg'mE 100 mgimE
| B2 Expoaurs oontrols
Engineering measumss: Ensma thers is suficien vantlation of tha arsa.
Aa spiraiory protection: Sal-contarad breathing apparatus must be svaibble in case of amergenoy.
Haind protection:  mpanmaabls glows.
Eye protection: Saloty glasses. Ensme aye bath s o kand.
Skin protection: Impermaable prolediee clothing.
Sactlon 8: Physlcal and chamical properties
| %A, Indormation on basic physical and chemical properis s
St Lguid
Colour: Colouress
Odour: Swoel-smsding
Solubility in water: Shighily solubla
Boiling pointrangeT: 3.8 Melting point'range C: -05
Flammakbdity limiis %: lower: 13 upEsT: 22
Faricoefl. n-ocianolwater: bg Pow: 1.25 Harflammabilitg - 505
Vapour pressurs: 4709 hPa at 2000 T Aalative density: 1.325 plom3
[ o2 Other informaticn
Other information: Mot appicablc
Section 10: Saabllity and reacthviry
[ 101 Reactwwity |
Reactivity: Slable undar mocmmanded transport or siorage condiions.
| 102 Chemical stability |
Chemical siabdity: Stable undar noemal condiions.
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SAFETY DATA SHEET
DICHLOROMETHANE GR GRADE

Pagse: &
[ 10.3. Possibility of hazardous reactions |
Harardous eactiona: Hazardous reacions will rol ooour undes mormal Tansport or sioraog: cordiions.
| 104 Conditions to wid |
Conditions fo avoid: Hoef Hol surfaces. Flamos. Do sunfight
[ 105 Incompatible makcriaks |
Baterials fo avoid:  Strong midising agents. Stong acids. Srong bases. Akal matals Abminium. Amiras
kagnasium
[ 10 Hazardous decomposiion producis
Hez decomp. producis: I combeston amils o umos of carbon deida | carbon monmide. Hydeogen
chicrida [HCIL
Sacdon 11: Toxlcological Information
[ 111 Indormation on toxicological stiects
Tox ipity wakes:
Houla Speaies Test Vala Limits
ORAL T | 50 1600 | ma'ka
PELALATION T L CEq ED00D | maa'm3
Felas ant hazards for subsiancs:
Harard Rl Hasic
Acubc ioiciy (e, o, 4) IHG Basod oni lest dala
Cargincgenicity - Ha=od oni tost dala
| Sympaoms ! rowies of sxposurs
Shin cominoi:  Thoro may b imiaSion amd rednoss. of Bha sio o contac.
Eye conieol: Thara may be imilaion and redness. Tha eyes may waier profisaly.
Inge-stion: Thora may be soraress and redness ol tha mouth and thioal. Haussea ard stomack
pain my ocoa. Thens may bo womiting.
Inhalation: Thera may b imiation of tha thioal with a fealing of tighiness in the dhesl.
Uther information: Caroinogenicity WRC=20: possibly caminoganic to humars ATECS: PARDSHO00
Sactlon 12: Ecological Informadtlon
[ 121 Tomiciy |
Ecoiowinity valuss: Mot appicabla
| 122 Persisenc and degradability |
Persistenae and degradabdity: Mo dala svalabla.
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SAFETY DATA SHEET
DICHLOROMETHANE =GR GRADE

Page: &
| 123 Bicacoumulaties posential |

Enaccumulaires poteniial: Mo dala avalable.

[ 124 Mobility in soil |
Mobiity: Mo dala ovadable.

[ 125 Fesults of PET and vPE assessment |

PET identification: This substancs is nol identfiad 2z a PEHT substance.
[ 126 Other adverss atiects |

Chher adverss efiecia: Mo daln svalabla.

Secdon 13: Disposal conslderadons

[ 121 Wasse wreatmeni methods

Dispoasl sperationa: WA TERIAL SHOULD BE DIEPOSED OF INACDOADANCE WITH LOCAL, STATE AND
FEDERAL REGULATIONS
Disposal of packaging: [hsposa of s spadialwasis in compliznoa with local and national repulaions Obsarne
all fedaral, stale ard kocal amvitonmental mgulations
ME: Tha umar's afenbon is dimwn 1o e possible aisienca of regional o naional

requiations regarding disposal.

Bectdon 14: Transpon Information

| 14.1. UN musnber |

UK mumbsr: LIN1=03

[ 142 UM proper shipping nams |

Shipping nama:  ICHLORMETHANE
| 143 Trarspori hazard classiss) |

Transpon claas: 50
[ 144 Packing group |

Packing group: |
| 145 Environmental hazards |

Emvironmenially kazardous: ko Marire polifaniz Mo
| 145, Speoial pr cautions for weer |

Sacsdon 15: Reguiatory Informasion

[ 151, Sakty, health and emwironmental requlations kgislation specific for the substance or mitus |

| 152 Chemical Satety A ssessment |

Chemical safety asacssment: A chemical salaty assessmant has nol bean camied out fior the subsiarca or e miodurs

by tha supplics.

|oent....]
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SAFETY DATA SHEET
DICHLORCMETHANE GR GRADE

Page: 7

Bactlon 16: Other Indormation

| Other indormation

Oihier informaticn:

Phrases waed im 2.2 and 3:

Lepgal disolaimer:

This safuty data shect is prepared im accomdanc with Commission Hogulation (EL Mo
bl il

* Data predicied using computational solware. Tortea - Tmic Hazasd Estimation by
decison trea appeoach. hipd! ech jio oo curopa ou'gsar peardoolsindan php ¥
o=TOKTREE

- Diata prediciad wsing compulaioan| softwars ACDMoxSuia v 2551 Copyright 1204
2009 ACDAabs, Copyright 2001- 2009 Pharma Algorthmes., Inc, Advanood Chamistry
Derenlopmant. Ino WWCTY | absd Aitpowasw. aodiates. com produd s’ admalioe'ioe
Haoe: Harmmul i swaliowsd

H==1: Sespodod of cousing cancar < stalo mula of aposura if i is conchesrly provon
Tt no ofser pouties of @uposur causa tha Rarards.

R2z: Harmiul f owaliowsd.

Rao: Limited evadance ol a carcnogenic ofod.

Tha malwia is intended for rasaarch purposes only and should ba handlad aichessmly
by thosa who havwe baan fully raned in sefely, bboraiory and chamical handing
procmiues. 1ha abows mivrmaton s bolisssd o ba comect fo s bast of ow
inowlodpa. The above mformation is belioved 1o be correct 1o tha best of our knowladgs
ot tha dae of its publication, bui should not be considened 1o be all inchestsa. | should
b used only as a guida for sale handing, siorage, tansportabon and disposal. Wa
cannat guaraniaa that tha bee ards. dedailed in this doonsman &ra the only hazards tha
wois! jor this prodonl. This is not a waranty and Apolo Sdaniic Lid shall nol be hald
iabla for any damage resuling from harding or from conlact with tha abaove produdt.
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Beacrivity @

Persomal
Proteciion

Material Safety Data Sheet
Haloperido!l MSDS

Section 1: Chemical Product and Company ldentification

Product Hames: Haloperdol Contact Information:

Catalog Codes: SLH2443 Schencalab.com, Ind.
14025 Smith Rid

CASE 52969 Houston, Texas 77395

RTECS: BN 575000 LIS Sales: 1-B00-501-T247

Intemiational Sales: 1-281-241-4400
THCA: TSCA 3{b) Inveniony Haloperisol
o} Cder Cnilner Sciencel ab.com

Cl: Not avallable.

CHEMTREC [24HR Emergency Telsphone], call
SYROMYT: 4-{4-{4-Chiropnenyl-hydraiy-1- 1-500-424-5300 :
plpericimy}-1H{-lomphenyl}-+-tkancone international CHEMTREC, call: 1-703-527

Chamical Name: Mot avallable.
For non-smengency assistance, call: 1-251-441-4400
Chamical Formula: CZ1HZZCIFMO2

Section 2: Composition and Information on Ingredients

ComipoalBion:
Mame | CAS # | % by Welght
Haloperidol 52-36-E | 100

Toxicological Data on Ingredisnts: Halopentol: ORAL (LDS0): Acute: 128 mgkg [Raf). 71 makg [Mouss]. 90 mg/kg [Dog).

Section 3: Hazards ldentification

Potential Acute Haalth Effects:
Hazartous In case of skin cortact (mitant), of eye contact (mitant), of Ingestion, of Inhalation. Sevens over-Exposre can resul
In death.

Potential Chronkc Health Efects:

CARCINOGENIC EFFECTS: Mot avallable. MUTAGEMIC EFFECTS: Mot avaliable. TERATOGENIC EFFECTS: Mot
avalabie. DEVELOPMENTAL TOXICITY: Mot avaliabie. Repeated exposure to an highly e material may produce general
deterioration of health by an accumutation In one or many hUMan ongans.

Section 4: First Aid Measures

Eye Contact: Check for and remove any contact lenses. Do not use an eye aintment. Seek meadical attention.
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SkIn Contact

Afer contact with skin, wash immediately with plenty of water. Sently and omughly wash the contaminated skin with rurning
waber and non-abrasie s03p. Be particulany carcful 1o clean foids, crevices, creases and groin. Cover the Imfiated skn with an
et 7 Imiaton persiss, sesk medica ansnton. YWash comami rensd clothing beftne redsing.

Sarious 3kin Contact
Wash with a dsimfectam s03p and cower the contaminaied skin with an ant-bacterial cream. ek immediaie meagical
Fienton.

Inhalation: Aliow Te victim to rest In & wedl ventilated area. Seek mmediate medical attention.

Sarious Inhalathon:

Evacuaie the victm 1p 3 safe area 35 500N 36 possibie. Loosan tight clothing such a5 a collar, fe, belt or walstoand. If
breathing |5 diMcult, adminkster cygen. I the victim ks not breathing, perform mouth-io-moum resuscitation. Sesk medical
Fienton.

Ingestion:
Do hat Induce vormiting,. Examing the Iips and mouth 1o ascertain whether the tssues are damaged, 3 possibie Indication mat

e toxc mEteal was Ingested; the absence of such Signs, however, is not condusive. Loosan Hight cofing such as a collar,
%, belt or walsthand. If the vicim Is not breathing, pesform mouth-to-mouth resuscitation. Seek Immedate medical attention.

Sarious Ingestion: Mot avalabie

Section 3: Fire and Explosion Data

Flammabllify of the Product May be combusitie at high temperaturs.

Auto-gnition Tempsrature: Mot avalable.

Flzsh Poimts; Mot avalags.

Flammable Limits: Mot avalatia.

Products of Combustion: These products are carbon oxdes (GO, 002, nirogen cxdes (MO, NC2... |, halogenated
COMpoUngds.

Fire Hazards In Pressnce of Varous Substances: Mot avalabie.

Expéoston Hazards In Pressnca of Various Substances:
Risks of expiosion of Te product In presence of mechanical impact Mot avaliable. Risks of expicsion of the product In
presence of static dschame: Mot avallabie,

Fire Flghiting Medla and instructons:
SMALL FIRE: Usa DRY chemical powder. LARGE FIRE: Use water spray, fog or foam. Do not use water jet.

Special Remarks on Fire Hazarda: Mot avaliable.
Special Remarks on Explosion Hazards: Mot avalable

Section 6: Accidental Release Measures

Small Spill: Use appropriate tools o put the spilied soild In @ comvenient waste disposal containes,
Large Spill: Us2 a shovel 30 put the matertal Into a convenlent waste disposal containes,

Section T7: Handling and 5torage

Pracauticna:

Kieep locked up Keap away from heat. K2ep away Tom sources of igniion. Emply containess pose a fire risk, evaporaie the
resioue under a fume hood. Ground all equipment containing materal. Do not Ingest. Do not breathe dust. Wisar suitadle

p.2
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profective In case of Insuricient ventiation, wear sultable respiratory equipment Ifingested, saek medical avice
immediabaly and show the containes or the labed. Avoid contact with skin and eyes

Kaep contalner dry. Keep In a cool place. Gmund 3l equipment contaning matena. Keep container tightty ciosed. Keap In 3
ool well-ventliated place. Highty toxic or Infecious materas should be stared In @ separate locked satety storage cabinet or
OO

Section 8: Exposure Controls/Personal Protection

Enginsering Controda:

Use process endosures, local extaust ventiation, or sther enginesrng contris 1o kee alrome levels below recommended
exposlre Imits. I user operations generaie dust, fume of mist, use ventliaton 1o keep exposure 1o Arbome contaminants
Dekow e exposure Imit

Parsonal Protection:

Splash goggles. Lab coat Dust respiraton. Be sure o use an approved'certifled respirator o equivalent. Gloves.
Paracnal Protection In Case of a Langs Splil:

Solasn . Full sut. Dust respiraton. Boots. Gioves. A saif contained breatning apoaratus should be usad to avold
Inhialation of the product. Suggested protective ciathing might not be suficent; consut 3 specialist BEFORE handing this
product

Exposurs Limits: Mot avalame.

Section 9: Physical and Chemical Properties

Physlcal state and appearances; Soild
Odor: Mot avalabie.

Tas=ter Mot avallable.

Molacular Wedght: 375.57 gimole
Codor: Mot avallable.

PH (1% solniwater): Mot avalabie.
Bodling Point: Decomposas.
Melfing Point: 143°C (268 4°F)
Critizal Temperaturs: Mot avalabie.
Specific Gravity: Not avallabie.
Wapor Pressure; Mot applicabie.
Vapor Denstty: Mot avalans.
vokatiiity: Mot avallabie.

Odor Threehold: Mot avaiabie.
Waaher/CHI Dist. Coef.: Mot avallable
lonicity {In Water): Mot avalable

Diapersion Properties: Mot avalabie.
Solubliity: Mot avalabic.

Section 10: Stability and Reactivity Data

p.3

261



Stability: The procuct s stable.

Instablify Temparaturs: Mot avallabie.
Condlfions of Inestabliity: Mot avalable.
Incomnpatibiiity with varlous substances: Mol avallable.
Coamosdvity: Mon-comoeive In presence of giass.
special Remarks on Reactvity: Not avallable,

special Remarks on Comoality: Mot avallable.
Polymertzation: No.

Section 11: Toxicological Information

Routes of Entry- Eye contact Inhalation. ingestion.

Toueity to Animals: Acube oral oty (LDSTE 71 mg/kyg Mouse).

iChironic: Effecta on Humans: Mot avallabie.

Ofhar Toxic EMects on Humana: Hazardous In case of skin contact (mitant), of Ingeston, of Inhalation.
special Remarks on Toxdcity fo Animala: Not avallable.

Special Remarks on Chronilc Efects on Humans: Mot avallable.

Special Remarks on other Toxlc Efects on Humans: Mot avalabie.

Section 12: Ecological Information

Ecotoicifty: Not avallabie.

BODS and COD: Mot avallable.

Products of Biodegradation:

Possibly hazarous short tenm degradation products are not Ikely. However, long term degradation products may arise.
Toxlcity of the Products of Biodegradation: The products of degradation are more towlc.

Special Remarks on e Products of Blodegratation: Mot avallable

Section 13: Disposal Considerations

Section 14: Transport Information

DOT Classification: CLASS 6.1: Polsonous matenal.
Idenification: - Toxc solkd,organic, n.o.s. (Haloperidal) - UNZ311 PG: I
special Provisions for Transport: Mot avallabie.

Section 13: Other Regulatory Information
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Federal and State Reguiations: TSCA Sb) ventony: Haloperidol

Other Regulations: CEHA: Hazandous by definition of Hazard Communication Sandamd (29 CFR 15910, 1200}
Other Clasalfications:

WHMIS [Canada): CLASS D-185: Matenal causing Immediate and senous 100c effects (TOXIC).

DSCL (EEC):
RIS- Towk: If swallowed. R36/35- Imtatng to eyes and skin.

HMIS (LS4 )
Hiaalth Hazard: 3
Fira Hazard: 1
Raactwity: 0
Personal Protaction: £
Mational Firs Protection Associabion (U5 A):
Higalth: 2
Flammability: 1
Raaciwity: 0
Spacinc hazand:
Profaciive

Gloves. Lab coat. Dust respirator. Be sure io use an approvedicertiied respirator or equivalent. Wear approgp©ate respirator
when ventilation |s inadequate. Spiash goggies.

Section 16: Other Information

Refarences: Mot Fvalable.

Onher Spaclal Conslderadons: Mot avalable.
Created: 107002005 0541 PM

Laet Updated: 11012010 1200 PM

The infarrnation abave 5 beleved o be scourafe and eovesents e bast imormation curently avallabie fo us. HoOWever, we
make no warany of Merchaniabiky or any other wamanly, express or Ampled, with respect io Such Tomaton, and We S55Ume
o Kabilty resufting fom its use. Lisers showd make Melr own Investigations o defermine e suiabiy of fe information for
their parfcwar pwposeas. in no event shall Sclencel ah com he fable for any clakms, Msses, or damages of any tind parly or fior
Jost vodts ov any special, indvect, incidental, consaguential or exempiary tameges, hows0ever arising, even if Scencelah com
has bean advised of e possbilly of SUCH damages.

0.5
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|

We Measurne the World

b W FophdEd ar
PFollmar, ¥mbinfeon 15141
pleass 10G-013-2 758

s o ]

Alaterial Safety Data Sheet

I—

Diztilled Water
40464
[ T-FRODUCT IDENT I CATION |
Txzme Dimin IROT
Product Name:  Thatilled W
Concentratiom  100R%
F—— Wt applicalic
TSCA: YES  TLV/TWA: Mot Establishel
STEL- Hia PEL: M Taicity Nk

O — COLFOSITION TN ORALATION ON DR-EEDIENTS

Chamic sl pamma: CAS Nembar
Desatilled Waler T732-138-5

III - HAZARD IDENTIFICATION

This prislisd does ned comlain o ks chemical subyen] o e eporing reqeiremesls of Saction 313 of The Energency Flasning

il Cormmrienily Rigghl-To-Emw At of 1986 (40CFRATI)

| IV - FEYSICAL AND CHEMBCAL PROFERTIES

Aprearaner Cotlior een liguid
ider Tidenfios

gH 7

Moo lerular Weight L3

Bhnling ol L1

Vigor proowse 1. 169 kFa i 15 T
Wigpor dezaity i

Freciieg Pinnl [Pl

Speocifie Gty (H0=1 |

Sapltnliry Complcic
Flask purizt i T PSS

I W - STABILITY AND REACTIVITY

Seabls e

Candstan: ra rraid: Mme

Incromspaiible: Sirong scids and baess, waler rosclive solnlanccos
Haxxrdon: decomperician prodect: 850 wol cocwe
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(oévices
DEVICES
l

We Measune the World

2AES ME FphiEg Char
Pallwar. @nbingon 15141
phare 306-013-2728

L A T

—

W1- HEALTH HATARD DATA

Inhalwiion: o ey oo entispeisd

Shim camimce: Mo cexpency core enkaspaiod

Eve comtnect: No ooy care antici patal

Ingercian: M coopoey care axlic paled

Alsdiral Conditiem: Censrally Agpraraied by Expamers: oo [denlifol
Carcmepemicty:  NTE: Mo TARC: s ILIST: Mo

OEHSA Esp: Mo

V- EMERECENY FIEST AID FEOCEDTUEES

CALL A FEYSICIAN

Inhalwtion: Moomergmcy car misspaial
Sirin camimce Mo ooy care aniwspuied
Evye camiect: Mo emergoncy' cies abicipuind
Inpercian: i coorpgeney care anliclpaiod

VIO - FIRE-NICHTDNG MEATUEES

Extimpuizking masd: W50 ml bern mw spport (fe
Specinl Fore-Fighomy Fracedurss: M reouirml
Amra [pmitien Temparamrs: M4 Lowrsr Explecics Laval= A

NIPA Eaiing: MOA

Tomic Graowa Frodooed 14 Tmnnal Fires Explocies Bararda: FA

IK — HAaAmDLDNE AND STOREAGE

Hoandbimg: CHreres gl illJ.u-:Iril] by pore praclices

Searape: Sore m ol o |l||l.|: LD’.?'-\J\.-HLI.HEI lighily clossd. Shies i ool and dey place

Inﬁmifw:r]}'n:

wpillage, cloan wilk slowrdsl muslcrial

Dérpeaal of rpillugs: xmd wraom: F||. ires Frleral, Siate, axel Locsl reyulations fir sasie

EFA Hazardess Wasts i F00A

N - ENPCESURE CONTEOLTERESONAL FEOTECTION

Vemtlnnom: Docel Fuhaesd
Erpirmivey Fracectan: Mol reguinal
Fervanal precectien- Mol reguired
Db Fol regearal

NOTICE

The data el refirrmine s sdakod wes femished by ibe mmelwdrer of e product. Deciggeon Deviies ne prodicts e mioded
For labrorabory’ wes only. Al probicts shoell be el led md msed by raisod profesooes] posenc]oely. The nepoesilalily (o
the sl hasalling md sse of e prodocts poet solely with U beyer el e
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SIGMA-ALDRICH

o - e S

Material Safety Data Sheet

Werskon 3.5
Rewtsion Dabe 110452011
Print Doabe DATHE01Z

T PRODUCT AND COMPERY IDENTIFICATION

Product name o PohyD LHactide-co-glycohde)
Product Mumber P2
Brand : Sgma
Sapplier © Sigma-Aldrich
3050 Spruce Street
SAINT LOUNS MO 63103
USa,
Telephone o+ S-325-5EE2
Fax o+ S-325-5082
Ememency Phone# (For  ©  (314) TT6-6555
both suppiier and
manLeacturar)
Imfiormnation : -Akdrich
Preparaton Sigma-Ak wﬁegm
1-S00-521-Bo5G
2 HAZARDS IDENTIFICATION
Emeargancy Crverdew
OFHA Hazands
Ho nown Ci5HA hazands
Mot 3 dangerus substance of mixiure according to the Giobaly Harmonised System (GHS).
HMIS ClasaMcation
Heaifth hazard: 0
Flammablity: 0
Physlcal hazarss:
NFPA Rating
Hesaltth hazard: 0
Flrs: 0
Reactvity Hazard 0
Potential Haakih Effecis
Inhalation May be harmiul F inhaled. May cause respiratony tract imiiation.
KN May be hariul I absorbed through skin. May cause skin imtation.
May cause imitation.
mmqu]m o mﬁ e harh K swalowed
I CONPOSTIORTAFORMETTON TF HERELIERT =
SymOnyTE . Lacted® BA-0100

Mo Ingredients are hazardous accondng 1o HCS critieda

4. FIRST &I MEASURES

If Inhaled
I breathed in, mave persan Into fresh alr. I not breathing, ghve artfclal respiration.

Sk - P20
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In caee of skin contact
WWash off with s0ap and planty of waer,

In case of aye contact

Flush eyes wilh Waler 36 3 precaution.

IT ewallowead

MEVEr ghve amything by mouth b 3N UNCONSCOUS Person. RINse mouth with water.

4. FIREFIGHTING MEASIIRES

Conditicns of Nammabllity
Mot Nammaiie or comiusibie.

Sultable extinguizhing madia
Iise water spray, alconolresistant foam, dry chemical or carbon dioxide.

W SeE Cancine DIEAIg SpPaIELA Jor re hgntng I necessary

Hazamisus combestion
Hazamious decomposiion products fommed urdar fire condifons. - Carbon oxldes, nirogen odoes (NOX)

G ACCIDENTAL RELEASE MEASURES
Personal precautions
Awoid dust Tormiation. Avold breaming vapors, mist or gas.
Environmental precautions
Mo special environmental precautions required.
Mathods and materials for contalnment and cleaning up
Saweep up and shovel. Keep In suitanie, closad containers for disposal.

7. HERDORS ZRD STORAGE

Precautions for safe handling

Provide appropriaie exhaust ventilation at places where dust Is formed.
Conditions for safe

Keap container tightly cicsed In a dry and well-ventilated place.
Recommended storage temperaturs: -20°C

Keap In a oy place.

i. EXPOSURE CONTROLS/PERSOMAL PROTECTHON

Contains no substances with occupational exposure limit values.
Personal probactive squipment

Reepiratony profection

Respiratory protection 15 not requined. Whane prosection from nuisance: |evels of dusts are desired, use type NIS
{US) or type P1 (EN 143) dust masks. Lise respirators and components tested and aporoved under appropriate
govemment standards such a5 NIDSH (US) o CEN (EU).

Hand

Handie with gloves. Gloves must be Inspected prior io use. Use proper glove removal technigue (without touching
ghove’s DUREr surface)) i avold skin contact with this product. Dispose of contaminated gioves afer use In

accordance with appilcable |aws and good laboratory practices. Wash and dry hands.

Eye protection
Use equipment for eye protection tested and approved under Spproprale govesTiment standars such 35 NICSH
{US) or EN 16S(EU)L

SKIn and body profscSon
Choase body protection In relation % Bs type, to the concentration and amount of dangenus substances, and to the

Sharra - F2101 Page 2 ol B
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of the dangenous substance at the specific workplace.
Hyglens messuras
General Industial hyglene practice.

i PHYSICAL AND CHEMICAL PROPERTIES

ADpearance
Fom granules, power
Colour light yedlow
Safety data
oH no data avallable
Miting no data avalable
pointfreezing point
Boling point no data avallable
Flash point no data avallable
ignition temperabure N0 data avallable
Autcigniicn no data avallable

Lower expiosion Imit  no data avallable
Upper expiosion Imit  no data avallable
apour pressuns na data avallabie

Density no data avallabie
Water solubilty soiubie, ydrolyses
Partiion coeficlent  no data avallable
n-octanolvater

Relative vapour no data avallable
Odour slight

{Oddour Threshold na data avallable
Evaporation rate na data avallable

10. STABILITY AND REACTNTY

Chemical stablity
Stable under recomimended storage condiions.

of hazardous reachons
g data avallabe
Conditicns fo avold
Exposure 1o matshure.
Matarials to awold
adds, Easss
Hazardous decomposttion products _
Hazarous decompostion products Tommed under fire conditions. - Carbon oxXIges, Mtrogen oxoes (NC)
Cther decompostion products - no data avaliatie

1. TOEISOLOGICAL IMFORMATION
Acuts toxicity

iOral LDvs0
no data avalable

Sharra - F2101 Page ™ ol A

268



Inhalathon LC50
no data avallable

Derrnal L0
no data avallable

Other Information on acute toxdcity
no data avallable

Skin comoghonfmtation
ro d3ta avallabis

Sarlous eye damageleys Imtation
red d3ta avallabla

nu Hmwnmuﬂmﬂm

Germ call mutagenicity
red d3ta avallabla

Carcinogenicity

IARC: Mo component of is product present at levels greater than or equal to 0.1% Is identified as probabie,
possible or confrmed human carsnogen by LARG.

ACGIH Mo component of Mis product present at levels greater than or equal to 0.1% Is Identified as 3

carsinogen of potential candinogen by ACGIH

NTH: Mo component of Miks product present at levels graater than or equal 1o 0.1% s Identifed as a known o
anticipatad carcnogen by NTP.

CEHA: Mo component of Miks product present at levels graater than or equal to 0. 1% s Identified a5 3
cartinogen of potential candinogen by CSHA.

Reproductive toacity

ro daia avallabis

Taratogenicity

red d3ta avallabla

Specifc target organ toxcity - single sxposurs (Globally Harmonltzed Syatem)

red d3ta avallabla

m}:i:ga ofgan toxdcity - repeated sxposure [Globally Harmontzed 5yatem)

Asplration hazard

red d3ta avallabla

Pobantlal health efMacts
Inhalation May be harmful I inhaled. May cause respiratory ract imtation.
Ingestion May be hammiul I seallowed.
SKin May be harmul If absorbed through slin. May cause skin Imttation.
Eyss May cause eye Imitagon.

Synerglstic afecta

red d3ta avallabla

AddiTonal Informeation

RTECE Mot avalabie

T ECOLOGICAL THFORMETIGH

Toxicity
Sharra - P2107 Pz 4 ol B
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no d3ta avallabie

Perzslafance and degradablity
red £33 avallabla

Bloaccumulative potential
red £33 avallabla

Mobliity In =oll
Mo data avallabie

PET and wFvE asaceament
o data avsllabe

Othier advers affects
o data avsllabe

T3 TISPOE AL CONSIDERATIONS

Product

Offier surplus and non-recyciatie solutions to 3 lcensed disposa company.
Ciontaminated packaging

Ditspose of 36 unused product

14. TRANSPORT INFORMATION
DO {US)
Mot dangerous goads
IMIDG
Mot dangerous goods

IATA
Mot dangerous goods

15, REGULATORY INFORMATEON

O5HA Hazands
Mo Knoan OEHA hazands

SARA 302 Com
SARA B Mo chemicals In this materal are subject o the reporting requirements of SARE Tibe 11, Sactlon 302,

SARA 313 Componsemts
SARA 313 This malenial dioss not comain any chemical companents with knoan CAS numbers that excesd the threshold
{ D Minkmis) reporting levels estabilshed by SARA Title I, Secion 313,

SARA INA12 Harants

N SARA Harams

Massachusstis Right To Know Componsnts

Mo components are subject bo the Massachusetis Right % Know Act

Pennaytvania RIght To Know Components

CAS-MD. Revision Dale
Potyl D, L-4actite-co-ghycolloe) 26780-50-7
Mew Jersey Right To Know Componants
CAS-MD. Revision Dale
Potyl D, L-4actite-co-ghycolloe) 26780-50-7

Callfomia Prop. &5 Componsnts
This product does not contain any chemicals known o Staie of Califamia %0 calse cancer, Dirth defiects, ar any other

reproductve nam.

16, OTHER INFORMATION

Sharrea - F2101 Page S ol 8
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Further Informaticn

Copyrignt 2011 Sigma-Aidich Ca. Liense grantd to make urlmited paper copies for Intsmil use orly.
The atiove | i belleved 10 be comect but Boes Not purpart 10 be all Inclusive and shall be used only 35 3

guide. The Information In Tiks documant |5 based on the present state of our Knowiedge and |s applicadie 1o the
product with regan o appropriate safety precautions. It does not represent anmy quaranise of the propertes of the
product. Sigma-Aldrich Co., shall not be heid llabie for any damage resuiting froem handiing or from contact with the
aibove product. See reverse side of Involee or packing sIp for additional fams and conditions of sale.
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EMS5 CATALOG NO: 19800
EMSFRODUCT: Polyvinyl Alcohal
DATE:  10V1871007

PAGE NUMEBER: Omneofd

MATERIAT SAFETY DATA SHEET

The information coofamesd berem is based on data considered acouarare. However, mo
Warmanty is expressed or implied regarding the acouracy of these data or the resolts to be
obtamad from the use thereof

Electron Microscopy Sciences assumss no responsibility for personal injury of property
damage to vendess, users of third parties cansed by the material Such vendess or nsers
assume all risks associated with the use of the material

ELECTRON MICROSCOPY SCIENCES
1560 INDUSTEY ROAD

P.O. BOX 550
HATFIELD, PA 19440 24 HOUR EMERGENCY PHONE NUMBER
115) 412-8400 CHEMTREC: (800) 424-0300

FOR. PRODUCT AND SALES INFORMATION

CONTACT ELECTRON MICROSCOPY SCIENCES OFFICE ABOVE.

PRODUCT IDENTIFICATION

COMMON NAME: Polyvmyl alcohal
COMMEERCTATL NAME(S): Mot available.
SYNONYM: Ethenel. Homopolymer, PVA- PVOH
CHEMICAT MNAME: Polyvimnyl Alcobol
CHEMICAT FAMILY: Mot availabls.

CHEMICAL FORMULA- (CHICHOHm

CASS: 2002-39-5

RTECS: TRE100000

TSCA: TSCA 5(b) INWENTORY : Palyvinyl alcehol
CIE Mot available

COMPOSITION AND INFORMATION ON INGREDIENTS
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NAME: Polyvinyl alcohel
CAS#: 0002-89-3
°; BY WEIGHT: 10

TOXICOLOGICAT DATA ON INGEEDIENTS: Mot applicable

HAZARDS IDENTIFICATION

POTENTIAL ACUTE HEALTH EFFECTS:
Hazardous in case of inpestion. Slightly hazardous in case
of skin contact (gritant), of eve contact (mtant), of

POTENTIAL CHROMNIC HEALTH EFFECTS:
CARCINOGENIC EFFECTS: 3 (Mot classifiable for homan) by IARC
MUTAGENIC EFFECTS: Not availahle.
TEFATOGENIC EFFECTS: Mot available.
DEVELOPMENTAL TOXICTTY: Mot available
Pepeated or prelonged exposure is not known fo aggravate
medical conditson.

FIRST AID MEASURES

EYE CONTACT:
Immediately flush eves with plenty of water for af l=ast 15 mamofes.
Cold water may be used. Seek medical attention if imitation oeccurs.
SEIN COMTACT:
After confact with skin wash immediately with plenty of
water. Genily and thoroughly wash the contaminated skin
with ronnings watsr and non-abrazive soap. Be particularky
careful to clean folds, crevaces, creases and groin. Cower
the mritated skin with an emollient If imtation
persists, seek medical attention. Wash confaminated
SERIOUS SETN CONTACT: Not available.
INHALATION:
Allow the victim to rest m 3 well ventilated arsa. Seek
immediate madical attention If breathng &5 difficult, grve
Omiygen. Get medical attention
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SERIOUS INHALATION: Not available.

INGESTION:
Do not nduce vomuting. Loosen tight clothing such as a
collar, tie, belt or waistband  If the wictim is ot
breathing, perform mouth-to-mouth resusciaton. Seek
mnmediate medical attention.

SERIOUS INGESTION: Mot availabls.

FIFE AND EXPLOSION DATA

FLAMMARBILITY OF THE PRODUCT: May be combustible at high

temperanre.
AUTO-IGNITION TEMPERATURE: Not available.
FLASH POINTS: OPEN CUP: 70.44°C (175°F)
FIAMMABLE LIMITS: Not available.
PRODUCTS OF COMBUSTION: These products are carbon oxides (CO, CO2).
FIRE HAZARDS IN PRESENCE OF VARIOUS SUBSTANCES: Flammable m
Presence of mechanical mmpact not available Slhightly explosive m presence of open
Flames and sparks.
EXPLOSION HAZARDS IN PRESENCE OF VARIOUS SUBSTANCES:

FISES OF EXPLOSION OF THE PRODUCT IN PRESENCE OF
MECHANICAL

IMPACT: Not awvailable.
FISKES OF EXPLOSION OF THE PRODUCT IN PRESENCE OF STATIC
DISCHARGE: Not available.

FIRE FIGHTING MEDIA AND INSTRUCTIONS:

SMALL FIRE: Use DEY chemical powder.

LARGE FIPE: Use water spray, fog or foam. Do not use water jet.
SPECIAL PEMARES ON FIRE HAZARDS: Mot available
SPECIAL PEMARES ON EXPLOSION HAZARDS Fine dust dispersed m air in
Sufficient concentrations. and m the presence of an ignition seurce is a potential dust
Explosion hazard

ACCIDENTAL RELEASE MEASURES

SMALL SPILL:
Use appropriate tools o paf the spilled solid n a
convenient waste dispesal container. Fimish cleaning by
spreading water on the contaminated surface and dispose of
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according to local and regional authority requirements.

LARGE SPILL:
Use a shovel to put the material info a convenient waste
disposal container Fmish cleaming by spreading water on
the contaminated surface and allow to evacuate through the
samitary system.

HANDLING AND 5TORAGE

PRECAUTIONS:
Eesp away from beat. Keep away from sources of ignition.
Empty coofainers pose a fire nisk, evaporate the residoe
under a fume hood. Ground all equipment confaming
material. Do oot breathe dust.

STORAGE:
Eesp contamner dry. Eeepin a cool place. Ground all
eguipment confaining material. Keep confainer tghdy
closed Keep in a cool, well-ventilated place. Combustible
matenals should be stored away from exireme heat and away

from sirong exidizing agents.

EXPOSURE CONTROLSPERSONAL PROTECTION

ENGINEERING CONTROLS:
Use process enclosures, local exhaust ventlation, or other
engineenng cantrols to keep arborne levels below
recommendsd exposure hmats. If user operations gensrats
dust, fume or mist, use ventilation to keep exposure to
Alrporne contamirants below the exposure lindt.

PEESONAL PROTECTICE:
Safery glasses. Lab coat. Dwust respirator. Be sure fo use

an approved centified respirator or equivalent. Gloves.

PEFSONAL PROTECTION IN CASE OF A LARGE SPILL-
Splash poggles. Full suit Dust respirator. Boots.
Gloves. A self contained breathing apparanes should be used
to avedd inhalation of the product. Suggested protective
clothngz might not be suficient. consult a specialist
BEFORE handling this prodwct:
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EXPOSURE LIMITS: Not availabls.

PHYSICAL AND CHEMICAL PROPERTIES

PHYSICATL 5TATE AND APPEARANCE: Salid

ODOR: odorless

TASTE: Not available.

COLOR: Of-white

MOLECTULAR WEIGHT: (44.05)m g'mols

pH (1%: SOLNWATER): Mot available.

BOILING POINT - ot available

MELTING POINT: Softens at about 200°C with decompositon
Drecomposition @ 228 deg C.

CRITICAL TEMPERATURE: Not availabls.

SPECTFIC GRAVITY: 1.19-1 31 (Water=1)

VAPOR PEESSURE: Mot applicable.

VAPOR DENSITY: Not available.

VOLATILITY: Mot available:

ODOR THEESHOLD: Not awailable.

WATER/CIL DIST. COEFF.: Not available.

IONICITY ({IN WATER): Not available.

DISPERSION PROPERTIES: Mot availakle.

SOLUBILITY: Solable in cold water, hot water. Insoluble in diethy] either, acetona,

Petroleum solvents, aromatic bydrocarbons, esters. Practically insoluble in animal

And vegetable oils and chlorinated hydrocarbons.

STABILITY AND REACTIVITY DATA

STABILITY: The product is stable

INSTABILITY TEMPERATURE: Mot available.

CONDITIONS OF INSTABILITY : Heat, ignition sources, fame, excess dust
(reneration. incomparible materials.

INCOMPATIBILITY WITH VARIOUS SUBSTANCES: Reactive with oradizmg
Apents, metals acids, alkalis.

CORROSIVITY : Non-commosive in presence of glass.

SPECIAL FEMARES ON REACTIVITY: Not available.

SPECIAL REMARES ON CORROSIVITY : Not available.
POLYMERIZATION: Will not ecour.

TOXICOLOGICAL INFORMATION
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ROUTES OF ENTEY: Ingestion. Inhalation
TOXICTTY TO AWNIMALS:
LD50: - 14700 meke {Mouse}
L5 Not available.
CHRONIC EFFECTS ON HUMANS: Not availabls.
OTHER. TOXIC EFFECTS ON HUMANS: Hazardous in case of inpestion.
Slightly hazardous in case of skin contact (imitant), of
SPECTAL REMARES ON TOXICITY TO ANIMALS: Not available.
SPECTAL REMARES ON CHRONIC EFFECTS ON HUMANS: Mot available.
SPECTAL REMARES ON OTHER TOXIC EFFECTS ON HUMANS.: Slightly
Hazardous in case of skin contact {imifant)), of mzestion, of inhalation.

ECOLOGICAL INFORMATION

ECOTOXICITY : Ecotoxicity i water (L3 - 10000mg/196 hours {Bluegill Sunfish)
=20000 mg1 &5 hours {Fatthead Minnow?} .
BODS AND COD: Not available.
PRODUCTS OF BIODEGRADATION: Possibly hazardous short term
derradation products are not likely. However, long temm
derradation products may anss.
TOXICITY OF THE PRODUCTS OF BIODEGEADATION: The products of
degradation are not tosic.
SPECIAL REMARES ON THE PRODUCTS OF BIODEGEADATION: Not available.

DISPOSAL CONSIDERATIONS

WASTE DISPOSAL: Becyele to process, if possible. Consult you
bocal or regional authorites.

TEANSPORT INFORMATION

DOT CLASSIFICATION: Nota DOT controlled material (United States)

IDENTIFICATION: Mot applicable
SPECIAL FROVISIONS FOR. TEANSPORT: Mot applicable.

OTHER REGULATORY INFORMATION
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FEDERAL AND STATE REGULATIONS:
TSCA B(b) INWWENTOERY: Polyvinyl alcohol
OTHEE. REGULATIONS: Not available
OTHEER. CLASSIFICATIONS:
WHMIS (CANADA): Mot controllad under WHMIS (Canada).
DECLA (EEC): This product is not classifisd accordmg to the ETU regulations.
HMIS (USA):
HEALTHHAZARD: 1
FIREHAZARD: 2
REACTIVITY: a
PERSONAL PROTECTION: E

KATIONAL FIRE PROTECTION ASSOCIATION (U.5.A.)

HEALTH: 0

FLAMMARBILITY: 2

REACTIVITY: 0

SPECTFIC HAZART):

PROTECTIVE EQUIPMENT:

Gloves.

Lab coat.

DCrast respirater. Be sure to use an approved cemified
respirator or equivalent.

Safery glasses.
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Beacoivity @

Persomal
Protection

Material Safety Data Sheet
Sodium chloride MSDS

Section 1: Chemical Product and Company ldentification

Product Harme: Sodum chionds Confact Information:
Catalog Codes: SLS362, SL51045, SLS3889, 5LS16560, Sclencelab.com, Inc.
5153091 B : ; - 14025 Smith Rd.
Houston, Texas 77395
CASE TR US Sales: 1-800-901-7247
RTECS: WZ4725000 Intermational Sales: 1-281-441-4400
TSCA- TSCA 5(b) Inventony. Sodum chiornde Orer Oniine: Sciencel 30.com
Ci#: Mot apoiicabie. CHEMTREC [24HR Emergency Telephons], call:

1-S00-424-5300
Infermational CHEMTREC, call: 1-T03-527-38587
For non-emergency assistance, call: 1-281-241-4400

Synonym:  Salt Sea Salt
Chamical Name: Sodum chionde
Chamical Formula: Nac:

Section 2: Composition and Information on Ingredients

Composltion
Mame | CAS # | % by Walght
Sadium chionde | TEAT-14-5 100

Toxlcological Data on Ingredients: Sodium chioride: ORAL (LDS0) Acute: 3000 mo/g [Rat]. 4000 mg/kg [WMouss).
DERMAL (LD50] Acuter &gt 10000 mg/kg [Rabbi]. DUST (LCS0): Acute: Sgt;42000 mgm 1 hours [Faf]

Section 3: Hazards dentification

Potential Acuts Health Effects: Sightty hazardous In case of skin contact {Imtant), of eye contact (Imtant), of ingestion, of
inhalation.

Pofential Chronlc Health Efacts:

CARCINDGGENIC EFFECTS: Mot avallable. MUTAGENIC EFFECTE Mutagenic Tor mamimallan somaiic cels. Mulagenic for
bacieda andor yeas. TERATOGENIC EFFECTS: Mol avallabie. DEVELOPMENTAL TONICITY: Mot avalabie. Repeaied or
proionged exposure |s not known 10 aggravate medical condltion.

Section 4: First Aid Measures

D1
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Check for and remove any contact lenses. In case of contact, Immediately flush ayes with plenty of water for t laast 15
rminutes. Codd water may be used. Get medical attention.

Skim Contact
Wash with 503p and waber. Cover the Imiaied skin with an emollent. Gef medical attention i Infiation develops. Cold waler
may be used.

Sarous Skin Contact Mot avaliable.

Inhalation:

If inhaled, remove to Tresh air. If not braathing, give anificial respiation. If breaming |s diMcull, give cxygen. Get medical
atenton I symploms appsar.

Sarious Inhalathon; Mot avallabis.

Ingestion:
D0 MOT Induce vomiting uniess diracted to :I:s::-hyn‘a:lczlpasn‘nﬂ Mavar give anything by mouth o an unconssous
person. Loosan tight ciofing sch 3s a collar, %e, belt or walsmand. Get megical attention I sympams appear.

Sarious Ingestion: Mot available

Section 3: Fire and Explosion Data

Flammabllity of the Product Nor-flarmmabie.

Auto-gnition Tempsrabure: Mot applicabie.

Flash Points: Not applicabie.

Flammable Limits: Mot applicable.

Products of Combustion: Mot avallabie

Fire Hazards In Pressnce of Varous Substances: Mot applicadie.

Explosion Hazards In Presence of Various Substances:

Risks of expiosion of e product In presence of mechanical iImpact Mot avalable. Risks of expiosion of the product In
presence of static dschame: Not avallabie.

Fire Fighting Meia and Instructions: Mot appilcable.

Special Remarks on Fire Hazarda: When heated to decompostion It emits e fumes.

Special Remarks on Exploakon Harards:

Blectrolysls of sodlum chicride In presence of NDQSNOUS COMPOUNSS to produce chioring may lead to formation of expicsive
ritrogen frchionde. Potentaily explosive reaction with dichiommalelc anhrydrde + urea.

Section & Accidental Release Measures

Small Splll;
Use appropriate toois to put the spilied 508d In 3 convenient waste disposal container. Finish cieaning by spreading water on
M contaminated surface and dispose of according to local and regional authorty requirements.

Large Spill:

Use a shovel 10 put the matenal into a convenient wasie disposal container. Finish cieaning by spreading water on the
contaminated surface and Jlow to evacuate Trough the sanitary system.

Section T7: Handling and Storage

Pracautions:
¥eep [ocked up.. Do not Ingest. Do not bresthe dust. AvDid contact with eyes. Wear suitabie protective clothing. If Ingested,
seak medical advice Immediatery and show the container or the Label. Keap away from Incompatibies such as oodizing

agents, acids.

p.2
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storage: ¥aep container tightly closad. Keep contalner In a codl, well-ventiated area. Hygroscopic

Section 8: Exposure Controls/Personal Protection

Enginsering Controta:

Use process enclosures, local ext@ust ventilation, or other engneering cortrls 10 Keep alrbome levels below recommended
exposure Imits. If user oparalions generate dust, fume or mist, use vemtiiaton to kesp exposure io Aroome contaminants
Delow Tie exposure Imit

Parscnal Protection:
Splash goggies. Lab coat. Dust respiraton. Be sure to use an approvedl'certfled respirator o equivaient. Gloves.

Parsonal Protection In Case of a Langs Spill:

Splash goggles. Full sult. Dust respirator. Boots. Gioves. A saif contained breathing apparatus shouid be usad to avokd
Inhalation of the product. Suggested protective ciothing might not be sufMcent; consult 3 specialist BEFORE handing this
proauct

Exposurs Limits: Hot avalane.

Section 9: Physical and Chemical Properties

Physical state and appearance: Soild. | Soild crystailing powdar, )
Odor: Siight.

Taste: Sallne.

Molacular Welght: 53,44 g/moie

iCiodoa Whitie.

pH [1% sclniwater): 7 [Neutral)

Bolling Polnt: 1413"C (2575.4°F)

Melfing Polnt: B01°C (1472.6°F)

Critical Ternperatura: Mot avalabie.

Specific Gravity: 2 165 (Water = 1)

Vapor Presaurs: Mot applicabis.

Vapor Danslty: Hot avalane,

Violatiiity: Mot avallable.

iOdor Threshold: Mot avaliahbis.

Water/Cl Ditst. CoefT.: Mot avallable.
lonicity {In Watsr): Mot avallabie

Diapersion Proparties; See solubiiy In watsr.

solubliity:
Easlly s0iuble In cold waber, hot water. Soiubie In glycerol, and ammonia. Very siightly soluble In Jiconol. Insclubie In
HyIroChione Ack.

Section 10: Stability and Reactivity Data

stability- The procuct is stabie.
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Instabllify Tempearature: Mot avallable.

Condlfions of Instability: Incompatible matesiais, high temperaiures.
Incompatibility with varlous substances: Reactive with cxidizing agents, metals, acds.
Comosivity: Mot considened to be comostve for metals and glass.

Specdal Remarks on Reactty:
Hygroscopkc. Reacts with most nonnobie metals stch 35 Iron or stesl, bullding materas (such 3 cement) Sodum chionde ks
rapicly atacked Dy DIOMINS MUonae. Vickent rRaction wim Imium.

Special Remarks on Comosivity: Mot avallable.
Polymertzathon: Wl not oo

Section 11: Toxicological Information

Routes of Entry: Inhalation. Ingestion

Toxlcity to Animals:

WIARMING THE LCSD VALLUES HEREUMDER ARE ESTIMATED O THE BASES OF A 4-HOUR EXPOSLURE. Acsie oral
toécity (LDSO): 3000 mgikg [Rat]. Acute dermal tomichy (LDS0): = 10000 mg'kg [Rabbit]. Acute toxdcity of the dust (LCSD):
=42000 mgim3 1 hours [Rat].

iChironic EMacts on Humans: MUTAGENIC EFFECTS: Mulagenic for mammallan somatic c2is. Mulagenic for Daciena and'
or yeasl

Other Toxic EMects on Humans: Shghtly hazamous |n cse of skin contact {Inftant), of Ingestion, of Inhaiaton.

Special Remarks on Toxcity fo Animals: Lowest Pusiished Lethal Dose (LDL) [Man] - Route: Oral; Dose: 1000 mg'kg

Special Remarks on Chrondc EMects on Humans:

Causes adverse reproductive efMects In humans (feiotoxdcly, abortion, | by Intrapiacental route. High Intake of sodium chioride,
wheder fmrm occupational exposune or In the diet, may Increase sk of TOXEMLA OF PREGHNAKNCY In sustaptible woimen
{Bishop, 1975). Hyperionic sodium chionde SoiLfons have been usad to Induce aportion In late pragnancy by direct Infusion
Into the ulerus (Srown et al, 1972), but Tis route of administration Is not relevant o occupational exposUres. May cause
adverse repmductive effects and birth defects In animats, particulany =i and mice etotoodely, abortion,

aonormailties, and matemal eMects (eMacts on ovanes, falloplan fubes) by oral, Intraperioneal, Intraptacental, Infrauerne,
paranteral, and subcutaneous rowes. While sodum chionde has been used as a negative contmi n some rEpoduciive
shudiss, |t has aisn been usad 35 an exampie that almost any chemica can cause birlh defests In experimental anlmais

If shudied under the right conditions (Nishimura & Myamoto, 1969). In expenmental animais, sodum chionde has caused
delayed effecis on newboms, has been feintosc, and has causad birth d=fects and abortions In RIE and mice (RTECS, 1997
May affect genatic matenal (mutagenic)

Special Remarks on other Toxlc Efscis on Humans:

Azune Posential Haalth EMacts: Skin: May cause skin Imtaon. Eyes: Causes eye Imtagon. Ingeston: Ingestion of large
quantties can Imtate the stomach (35 In overusa of sait tabkets) with nausea and vomitng. May affect bahavior (muscie
spasicity'coniraction, SoMNOlence), Sense Hgans, metabolsm, and canliovascular sysiem. Contnued SxposUs may

produce defydration, Intemia ongan congestion, and coma. Inhaiation: Materal ks imitating 1o mucous membranes and upper
respiratory fract.

Section 12: Ecological Information

Ecotoxicity: Mot avallabie.

BODS and COD: Mot available.

Products of Blodegradation:

PosEibly harandous shor term degradation products are not Iksly. However, long term degradation procucts may artse.
Toxlcity of the Products of Blodegradation: The product itssif and Its products of degradation are not toc,

p.4

282



Special Remarks on the Products of Slodegradation: Mot avallable.

Section 13: Disposal Considerations

Waats Disposal:
VW@Este must be disposad of In accondance wilh federal, state and local environmental confrl requiatons.

Section 14: Transport Information

DOT Clasalfication: Mot a DOT coninlied materad (United Stales).
Ideniifcation: Mot applicable.
Special Provislons for Transport: Mot applcabie.

Section 13: Other Regulatory Information

Federal and State Reguiations: TSCA &(b) Inventory: Sodum chiords

Oher Reguiations: EINECS: This pmduct |5 on e European Inventory of Existing Commenda Chemical Substances,
Other ClassMcations:

WHMIS [Canada): Mot confrolled under WHMIS (Canada)

DSCL (EEC):
RAD- Posslbie isks of Imeversile effects. S24/25- Avoid contact with skin and eyes.

HMIS [LLS.A):
Haalth Hazard: 1
Fira Hazard: O
Raactwity: 0
Personal Protaction:
National Fire Protection Association (U.5.4.):
Haalth:- 1
Flammabilitty: 0
Raactwity: 0
Spoacific hazard:

Profsciive Equl
Gioves. Lab coat. Dust respirator. B sure {0 use an approvedicertad respirator or equivalent. Splash goggies.

Section 16&: Other Information

Raferanoes:

Hawiey, G5 The Congensed Chemical Cicionany, 11e ed., Mew Yok M.Y., WVan Mosiand Reinold, 1967, -5AKX, WL
Diangenous of Induirial Materials. Tomemio, Van MNosiand Reinold, 52 ed. 1584, -The Sigma-Aldaich Liorary of
Chemical Safety Data, Editon 11

iOthar Spaclal Conslderadons: Mot avallable.
Created: 10¢11/2005 1233 PM
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Last Updated: 11012010 1200 PM

The iormation abave |5 beleved o be accurafe and Rvesents e bes! inomation cumently avalabie fo us HoWEVET, We

maKE no waranly of Merchaniaiiky or any othar Wamenty, express or impled, with respect i SUch KFonmation, and we 355ume

no Kabilty resutting from its use. Lisers showd make Melr own Investigations fo defermine e Siabity of the Information for

their panticuar pUposas. i no event shall Scencelab com he lable for any Clakms, \osses, or damages of any tird party o i

.lmtp.m.:: or any special, Andirect, Incidental, Consaguential or eXempiary famages, howS0ever arnsing, even I Scencelan com
has been adsed of the possibily of Such damages.
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