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Abuse deterrent formulations (ADF) are designed to mitigate misuse and abuse of
prescription narcotics. One mechanism of an ADF is to increase the tablet strength to
reduce ease of tablet comminution while increasing the difficulty of drug extraction.
Polyethylene oxide (PEO) is a popular polymer used in these complex opioid products.
PEO provides these abuse resistance properties while providing extended release of the
opioid drug. Evaluation of the manufacturing process and material attributes of this
polymer is important to improve upon the next generation of abuse deterrent products. In
addition, methods to assess abuse deterrence of these products in vitro is challenging, but
important for product development and generic abuse deterrent product approvals. Thus,
this dissertation seeks to determine the best evaluation methods for these products and
establishes an in vitro method to asses a formulation’s ability to prolong nasal absorption
when nasally insufflated.
Key results of this study show that heating tablets with PEO will significantly
increase the strength of the tablet and key variables such as PEO composition, particle size
distribution, high initial tablet solid fraction, and 1 h sinter time were found to be the

optimal sintering conditions. It was also demonstrated that this sintering process could be
monitored by near infrared spectroscopy to predict sintering end points.
Finally, the in vitro nasal insufflation studies demonstrated that for each type of
physical manipulation employed (i.e. cutting, grinding, milling), discreet particle size
distributions were formed regardless of formulation. One exception occurred with milling
where one drug product resulted in a much greater particle size distribution than the other
milled tablets. A vertical diffusion cell was then used to assess release rate of drug from
the comminuted dosage form. It was demonstrated that the VDC method was discriminant
with respect to particle sizes of comminuted particles and formulation variables such as
molecular weight of PEO used.
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1.

Introduction: A new formulation challenge with abuse deterrent drug products

Prescription opioid drug abuse is a problem in the United States. The rise of illicit drug
abuse has been attributed to many causes. Most notable, from 2000-2010 there was a rise
in prescribing opioids for non-terminal cancer pain (Braden et al., 2008; Sullivan et al.,
2008; "Trends in Opioid Analgesic Abuse and Mortality in the United States," 2015) and
an overall increase in the opioid dose prescribed (Kenan, Mack, & Paulozzi, 2012). Once
prescribed, these medications have a can reach a population who may use the medications
for non-medically prescribed purposes such as for recreational abuse ("Trends in Opioid
Analgesic Abuse and Mortality in the United States," 2015). In cases where the prescription
opioid is taken as prescribed, the patient may have been over prescribed in dosage and
quantity or incorrectly for the pain they are experiencing ("Trends in Opioid Analgesic
Abuse and Mortality in the United States," 2015). In yet other scenarios the patient may
accidentally misuse the medication for a variety of reasons that include cost saving
measures, i.e. dividing the tablet, or to increase the rate for drug onset of action (Katz,
2008). Making prescription opioids more difficult, time consuming, or less desirable to
abuse or misuse have become a priority for the Food and Drug Administration (Medical,
2015; Research, 2016). One way to accomplish this is incorporation of polymers, irritants
and/or antagonists into the dosage form using specialized manufacturing techniques to
make the opioid product, abuse deterrent (AD).
Thus, this dissertation investigates the use of a polymer material, polyethylene
oxide (PEO), that is used in current physical barrier (PB) type abuse deterrent products,
OxyContin®, Hysingla®, Vantrela, Arymo, to prevent misuse and abuse of ER prescription
opioid drug products. The idea of an abuse deterrent formulation (ADF) is rather new and
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therefore the challenges associated with these formulations are complex. Therefore, this
dissertation will introduce ADF and will examine how PEO creates a PB to mitigate drug
product misuse and abuse and how we can analyze and assess the properties of these ADF
products where traditional methods may not be suitable. In addition, a novel test method
will be detailed and discussed to determine how well a PB abuse deterrent formulation
(ADF) can withstand a simulated abuse situation regarding nasal insufflation.
The following sections will highlight the various backgrounds and technology used
in this dissertation study. Descriptions of extended release matrices and abuse deterrent
formulations provide a background for the problem at hand. The manufacturing technique,
sintering, used to make the simulated abuse deterrent tablets will also be discussed as this
is a fundamental aspect of the work. Background on tablet rheological critical quality
attributes (CQA) such as tablet strength and resulting viscosity will be provided. An
introduction to near infrared spectroscopy (NIR) and transmission Raman spectroscopy
technique and theory will also be discussed as ways to analyze and characterize abuse
deterrent tablets. Finally, this chapter will also detail the hypotheses and specific aims of
this project.
1.1. Extended release formulations
Extended release (ER) dosage forms are designed to provide a large dose of drug over a
long period of time while exhibiting control in how the drug is released. Drug products that
are ER are important for prescription opioid users as they provide better patient compliance
and less risk of adverse side effects since they provide a more continuous, uninterrupted
dosing of an opioid without the risk of ranging outside the therapeutic window efficacy
and toxicity.
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An ER tablet can be produced in several ways. One way is a reservoir device where
a coating is applied to protect the active pharmaceutical ingredient (API). The coating can
either erode, eventually releasing the drug at the target point in the gastrointestinal (GI)
tract with the right pH or the coating can be an insoluble coating that will act as a diffusion
barrier to the release of drug, typically by zero-order kinetics. Other ways to prolong release
include the formation of a complexing agent to the API where release occurs through slow
dissolution of the complex with first order kinetics. Alternatively, incorporation of a
polymer or rate controlling filler into the matrix of the tablet can also extend release. The
polymer will gel or swell and this gelling and/or swelling action will control the release of
the active pharmaceutical ingredient (API).
Because ER opioid tablets can contain a large reservoir of opioid they are
susceptible to abuse and potential misuse. These products are important because they allow
for patients to take higher doses of opioids less frequently. A well-designed ER opioid can
prevent accidental dose dumping, and provide an uninterrupted duration of therapeutic
efficacy while minimizing the risk of side effects. However, the ER products predisposition
to intentional abuse and accidental patient misuse such as tablet cutting require extra
safeguards. Thus, the use of abuse deterrent technologies in ER opioid products has
immense value to the consumer and public health.
1.2. Abuse deterrent products
Abuse deterrent products are designed to deter opioid drug product misuse and abuse. Drug
product misuse occurs when a patient accidentally takes the drug product not as prescribed.
This may happen by accident such as during co-administration of the opioid drug product
with alcohol, potentially dumping lethal amounts of opioid in the GI tract. Misuse may also
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occur because the patient cuts an extended release tablet in order to save money, increase
the rate of onset, or to help a friend in need (Katz, 2008). On the contrary to drug product
misuse, drug product abuse occurs when the patient or end user administers the medication
for mind altering effects whether a medical reason exists or not (Katz, 2008).
The abuse of opioid prescription medications can occur via oral, parenteral, nasal
or respiratory routes with or without prior dosage form manipulation (Raffa & Pergolizzi,
2010). Oral ingestion, snorting, and intravenous injection are the most widely used routes
of abuse. The goal of the abuser is to introduce the maximum amount of the opioid drug
into systemic circulation as quickly as possible to achieve the “best high”. This abuse
usually begins via oral ingestion and then escalates over time to snorting and injection
(Hays, 2004). Intravenous injection provides the fastest effect, but other routes, such as
inhalation and snorting, also provide rapid absorption into the blood. Different drugs can
have different preferred routes of abuse. For instance, abusers of oxycodone tablets prefer
oral ingestion or inhalation, while abusers of morphine sulfate tablets prefer oral ingestion
or injection (Katz et al., 2011). The specific route of administration chosen by the abuser
determines the nature of the harmful effects of the drug. For instance, intravenous injection
and snorting are associated with significantly greater health risks, increased drug
dependence, and higher fatality rates (Strang et al., 1998).
The rise of opioid abuse has increased over the past several decades. A 2015 report
by the Center for Diseases and Controls (CDC) shows that the number of deaths due to
overdose of prescription opioids doubled from 18,000 to 33,000 from 2011 to 2015 (RA,
P, F, & L., 2016). In addition, the number of misusers and abusers continues to rise with
an estimated 12 million people taking prescription opioids not as prescribed. The rampant
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misuse and abuse of prescription drugs has led to the development of a variety of drug
products designed to deter misuse and abuse.
In 2013, OxyContin™ (oxycodone HCl) (S. C. Harris, Cipriano, Colucci, et al.,
2016; Stephen C. Harris et al., 2014) extended-release tablet was the first regulated drug
product to receive abuse-deterrent labeling by the FDA. Since that time, six other
prescription opioid products have been granted abuse deterrence (AD) labeling. These
products are TARGINIQTM (Oxycodone HCl and naloxone HCl) extended-release (ER)
tablet (Setnik, Sommerville, Goli, Han, & Webster, 2013), Embeda® (morphine sulfate and
naltrexone hydrochloride) ER capsule (Badalamenti, Buckley, & Smith, 2012), HysinglaTM
(hydrocodone bitartrate) ER tablet (Dhillon, 2016; S. C. Harris, Cipriano, Kapil, et al.,
2016), MorphabondTM (morphine sulfate) ER tablet (L. R. Webster, Pantaleon, et al.,
2016), XtampzaTM (hydrocodone hydrochloride) ER capsule (Gudin, 2016; Kopecky,
Fleming, Levy-Cooperman, O'Connor, & E, 2016), Troxyca® (oxycodone HCl and
naltrexone HCl) ER capsule (Backonja et al., 2016), Arymo® (Morphine Sulfate) ER,
Vantrela® (hydrocodone bitartrate) ER, and most recently RoxyBondTM (Oxycodone HCl
immediate release). These products possess a variety of abuse deterrent technologies that
implement the use of barriers that are either chemical, physical or both that are designed to
make it difficult to abuse the products by popular routes of abuse such as smoking, snorting
and drug extraction for parenteral injection. A brief overview of these different methods is
provided but the reader is referred elsewhere for more thorough reviews (Alexander,
Mannion, Weingarten, Fanelli, & Stiles, 2014; Maincent & Zhang, 2016; Moorman-Li et
al., 2012; Stanos, Bruckenthal, & Barkin, 2012).
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1.2.1. Antagonist/Agonist
Antagonist/Agonist products work by releasing an embedded antagonist in the tablet to
block the opioid, or agonist, from taking effect when the product is misused or abused in a
way that is not intended. Typically, the antagonist is sequestered from the rest of the dosage
and will pass through the GI tract if the dosage is taken as prescribed. A drawback to these
dosage forms is that a patient who may accidentally misuse the product, such as chewing
the capsule and/or pellets because swallowing is difficult, could experience unwanted
nauseating side effects due to precipitation of withdraw from the embedded naltrexone
HCl. Examples of an approved antagonist/agonist AD product are Embeda® (morphine
sulfate/naltrexone HCl) (Stauffer et al., 2009; Lynn R. Webster et al., 2010), and
TarganiqTM ER (oxycodone HCl/naloxone HCl).
1.2.2. Chemical barrier
Chemical barriers are used to make API extraction in common organic and aqueous
solvents time consuming and complex for the recreational drug abuser. Incorporations of
polymers that induce swelling or gelling when exposed to solvents is one such way.
Another approach is Collegium Pharmaceuticals DETERX technology. This technology
ionically binds the drug to waxy hydrophobic inert fillers and is homogenously distributed
in microspheres. The advantage of this technology is that those who have difficulty
swallowing can sprinkle the beads on their food without adversely being affected. An
example of such a chemical barrier with approved abuse deterrence labeling is XtampzaTM
(hydrocodone hydrochloride) ER (Katz, Kopecky, O'Connor, Brown, & Fleming, 2015; L.
R. Webster, Kopecky, Smith, & Fleming, 2016).
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1.2.3. Pro-drugs
Pro-drugs are new molecular entities (NME) that require enzymatic transformation in vivo
before the active parent drugs are released. The idea of this technology is to prevent
absorption of drug by non-intended routes such as intranasal (snorting), parenteral, and
smoking, as the drug first must pass through the GI tract for the active form to be released.
Currently, there are no pro-drugs that are approved as abuse deterrent. However,
KemPharm has developed a ligand activated therapy (LAT) platform where they attach
ligands that are generally regarded as safe (GRAS) to an already FDA approved parent
drug.
1.2.4. Combination products
Combination products use a variety of abuse deterrent technologies in combination to deter
abuse. MorphabondTM (morphine sulfate) ER tablets is one such example that utilize a
chemical and physical barrier approach using their SentrybondTM technology. The
technology comprises 2 polymer layers that are cured together. The first layer is a barrier
layer and the second layer is the diffusion layer where the drug is dispersed (Shah &
Difalco, 2011). The diffusion layer and barrier layer remain preserved under physical
manipulation and further, the rate of drug released from the compromised dosage is
reported to be substantially the same or lower when administered with alcohol.
1.2.5. Physical barrier
Physical barrier technology exploits the use of polymers and specialized processing
technology to make the comminution of a tablet much more difficult and time consuming.
Breaking a tablet down is typically the first step in a series of steps to the gradual
progression of recreational and addicted abuser of drug products through the parenteral,
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smoking, or snorting (Severtson et al., 2016). The utility of the PB technology is
demonstrated by the number of abuse deterrent products that implement the physical
barrier approach. The first-generation product, OxyContin™ (oxycodone HCl) extendedrelease tablet was released in 2013. HysinglaTM (hydrocodone bitartrate) ER tablet,
Vantrella (hydrocodone bitartrate) ER, Arymo (Morphine Sulfate) ER also implement
similar PB technologies.
Due to the significant impact of the PB technology and the first type of technology
approved as abuse deterrent, this area of abuse deterrence research is of much interest to
study and will be the focus of this dissertation. This dissertation work focuses on
understanding the chemical and manufacturing processes that create the PB ADF,
charactering these tablets and proposes an in vitro test method to assess the formulations’
ability to deter abuse by the nasal route.
Specifically, this dissertation will focus on the use of polyethylene oxide (PEO)
used in these PB formulations. It will also focus on how the sintering manufacturing
process can convert PEO into an AD agent. Further, this dissertation will focus on
characterizing the two main response methods of these dosage forms, the resistance of the
tablet to mechanical manipulation and the resulting viscosity of PEO.
1.2.5.1 Polyethylene oxide
Polyethylene oxide is a high molecular weight polymer that is used in OxyContin®,
HysinglaTM and Arymo® as the material that imparts the desired AD properties. Because
of its unique physical properties, PEO is a desirable material for AD applications and much
intellectual property is based upon this polymer and it is also the source of civil law suits
(Stein, 2014).
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There are two manufacturers of pharmaceutical grades of high molecular weight
PEO (1,000,000 Mw – 7,000,000Mw), DOW Chemical and Sumitomo Chemical. Each
company uses different proprietary manufacturing methods that involve different catalysts
resulting in different degrees of stability in their product.
PEO consists of a simple alkaline monomer unit with a hydroxy end group, see
Figure 1.1. The monomer unit creates a rigid polymer with a linear backbone. This feature
contributes to the unique strength inducing properties of the polymer. It is also why the
glass transition, (Tg) of the polymer is low, at -70°C with a low melting point between 60
to 70°C. The extremely low Tg is the reason for PEO’s ductile response to shear stress.
PEO’s linear backbone and low melting point also makes the material amenable to thermal
processing resulting in a more plastic material. These enthalpic properties allow for PEO
to be thermally processed below the degradation temperature of most API’s. The high
molecular weight of PEO, also makes it a great gelling material as it creates a viscous gel
in water and typical household organic solvents. The larger the chain length, or n
monomers, the more viscous solution is formed. Mixing various molecular weight species
of the polymer can provide different degrees of solution viscosity.

Figure 1.1: Monomer structure of PEO. Subscript n represents the number of monomers
linked together
However, polyethylene oxide, is susceptible to thermal and
oxidative degradation resulting in chain scission, i.e. breaking down of the polymer chain
(Pielichowski & Flejtuch, 2005; Vrandečić, Erceg, Jakić, & Klarić, 2010). Therefore, an
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abuser who intentionally heats a dosage form with PEO could potentially break down the
polymer to make the API easier to extract and less likely to form a viscous solution.
Therefore, characterizing how PEO responds to external stresses because of thermal
manufacture, such as during sintering, or during an abuse situation are of value.
1.2.5.2 Primary mechanism of action – Physical Barrier
The primary mechanism of action for a physical barrier product is to make table grinding,
milling, chewing, or cutting more difficult and/or time consuming. One such approach to
accomplish this is incorporation of a thermoresponsive control release polymer, such a
PEO into the tablet matrix. There are a variety of ways this can be accomplished but the
approach taken in this dissertation is that of direct compression followed by sintering.
Sintering of PEO specifically makes the polymer more plastic and it will exhibit a ductile
response to mechanical stress such as cutting, milling, abrasion, etc. The ductile response
is important because the tablet will not produce fine particles that are desirable for the
recreational abuser who intentionally breaks the tablet down. Understanding the variables
that cause these changes to occur is a key question this dissertation attempts to answer.
1.2.5.2.1.

Sintering Theory

Sintering is the process of particle growth caused by heating a material above its melting
point. Sintering is a well-known technique in powder metallurgy that beneficially
transforms material properties. In most instances, the goal of sintering to increase the
resulting material’s strength. The fusion of these particles creates a new larger particle with
a change in desired properties such as tensile strength. This fusion of particles creates a
region called the grain boundary that continues to grow, or coarsen, upon continued heating
(Figure 1.2).
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Figure 1.2: Diagram of sintering in a pharmaceutical tablet

The classical stages of sintering, see Table 1.1, involve first, the particles to adhere
together and form a grain boundary or “neck.” This initial sintering stage results in neck
growth. At this stage is where significant surface area loss occurs. A small amount of
densification is also expected to occur. The intermediate step signifies pore rounding and
elongation where significant losses in open porosity occur and densification occurs.
Finally, pore closure and final densification occur. Surface area loss and densification is
negligible at this stage. There are several factors that can affect the sintering process and
ultimately the desired performance of the tablet. These factors include but are not limited
to, particle size distribution of the sintering agent, solubility of the non-sintering
components with the sintering agent, temperature, time, heating and cooling rate, heating
environment, impurities, etc. (German, 1996).
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Table 1.1: Classical stages of sintering(German, 1996).
Stage

Process

Adhesion

Contact
Formation

Initial

Neck Growth

Intermediate

Final

1.2.5.2.2.

Surface Area
Loss
Minimal unless
compacted at
high pressures

Densification

Coarsening

None

None

significant, up
to 50% loss

Small at first

minimal

Pore rounding
and elongation

Near total loss
of open porosity

Significant

Pore closure,
final
densification

Negligible
further loss

Slow and
relatively
minimal

increase in
grain size and
pore size
Extensive grain
and pore
growth

Sintering in the pharmaceutical literature

Typically, the goal of sintering in pharmaceutics is to alter the release of the active
pharmaceutical ingredient. However, many authors have noted the significant impact to
pharmaceutical tablet strength polymer sintering in the tablet matrix. Rowe et al sintered
potassium chloride as an active ingredient with vinyl acetate/vinyl chloride copolymers as
the sintering agent in order to sustain the release of large dose of active ingredients (Rowe,
Elworthy, & Ganderton, 1973). They found that within 5 minutes, major structural changes
occur, including increase in pore diameter and radius that effect the overall strength and
release of active ingredient.
The release of indomethacin was altered by Azarmi et al. with Eudragit RS and RL
as non-swelling polymers (S. Azarmi, Farid, Nokhodchi, Bahari-Saravi, & Valizadeh,
2002; Shirzad Azarmi, Ghaffari, Löbenberg, & Nokhodchi, 2005). They showed heat
treating the dosage form can prolong the release rate of indomethacin if the heating
temperature was above the Eudragit’s glass transition temperature. Using the same
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polymers, they also studied the release of diclofenac sodium was altered when sintering
was conducted above the polymer glass transition (S. Azarmi, Farid, Azodi-Deylami,
Ghaffari, & Nokhodchi, 2005).
Other studies by Dave et al. have investigated the use of methyl acrylic polymers,
Eudragit RS and RL used in formulations with theophylline that were roller compacted and
sintered (Dave, Fahmy, Bensley, & Hoag, 2012). It was observed that tablets made with
Eudragit RS were relatively stronger than tablets made with Eudragit RL or even in a 50:50
mixture. The breaking force increased with respect to increased concentration of
plasticizer, triethyl citrate, and also with an increase in sintering temperature.
More recently, thermal sintering was explored to produce gastric floating tablets
for propanol HCl using high molecular weight polyethylene oxide. The authors noted an
increase in drug retardation from the tablet matrix in propanol HCl resulting in higher
bioavailability. They related the effect of drug retardation to sinter temperature as higher
sinter temperature resulted in an increase in mean release time of propanol HCl compared
to the marketed drug product Ciplar LA 80 (Venkata Srikanth, Songa, Nali, Battu, &
Kolapalli, 2014).
Sintering has become prominent with the development of abuse deterrent
formulations for extended release drug products. Patents involving marketed drug product,
OxyContin®, infer the use of a sintering process to cure a polymer polyethylene oxide,
resulting in increased tablet strength making the tablet more resistant to cutting, grinding,
and chewing (Arkenau-Maric, Bartholomaus, & Kugelmann, 2012). In addition, there have
been recent articles published that discuss sintering as a manufacturing process for ADP
(Ziyaur Rahman et al., 2016; Z. Rahman et al., 2017).
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While sintering has been used in pharmaceutical applications and reported in the
literature, there has not been any mechanistic studies on sintering that seek to understand
how tablet microstructural changes occur and how these changes can affect the outcome of
the desired strength properties of the dosage form.
1.2.5.3 Secondary mechanism of action – gelling
The second barrier to the PB ADF is to provide a viscous solution when the drug product
is exposed to aqueous or common household organic solvents. For instance, if a patient
prepares the crushed tablet for parenteral injection the low levels of water typically used in
such preparations would make the resulting solution difficult, if not deadly to inject
intravenously. If the abuser snorts the particles, the moisture in the nasal passage will
hydrate the polymer forming a gel and controlling the release of the API in the formulation
making the abuser high less desirable. The polymer may also be enough of an irritant itself
to deter an abuser from snorting the drug (Vosburg et al., 2013). Viscosity is therefore an
important parameter to measure. Several different approaches to measuring viscosity are
outlined in this dissertation.
1.3. In vitro characterization of physical barrier ADF properties
ADFs present a new analytical challenge; traditional release testing is not suitable to predict
how the product will perform for its intended purpose: that is to mitigate abuse and misuse
of the product. For PB type formulations, the ability of the dosage form to resist mechanical
force applied to it is essential. This dissertation discusses concepts of tablet strength as they
relate to abuse deterrence and proposes using NIR to assess tablet strength and proposes a
PAT method to monitor the sintering process by using changes in tablet strength to do so
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1.3.1. Tablet strength
When an external stress is applied to a material the material produces a physicalmechanical response. Figure 1.3 demonstrates the two ways a pharmaceutical tablet can
change under force – either through dilation volume change or shear or shape change. The
physical-mechanical response is an important property in ADF technology as these tablets
are expected to experience atypical stresses applied. Good Physical-mechanical
characterization can capture the most practical and severe stresses that can alter the product
performance. This work focuses on the compression failure mode.
F
Dilation or
volume
change

Shear or
shape change

Figure 1.3: Illustration of how tablets deform under force

Fells and Newton explained the tensile stress, σ0, in pharmaceutical tablets as a
constant over the whole load diameter of the tablet (Fell & Newton, 1970). The equation
for tensile strength is as follows:
𝜎0 =

2𝑃
𝜋𝐷𝑡

(1.1)

Where P is the applied load, D, the tablet diameter and t is the tablet thickness.
In this way, the breaking force can be normalized to the individual tablet dimensions.
Further, the relationship between tablet tensile strength to tablet solid fraction density is:
15

𝜎 = 𝜎𝑜 𝐾𝑉𝑠𝑚

(1.2)

where σ is the strength, σo is the wrought strength, K is a geometric and processing constant
similar to a stress concentration factor, and m gives the exponential dependence on density
and Vs is the fractional density. Both K and m are influenced by pore morphology. It is
therefore useful to determine how much of a tablet’s strength is dependent on the density
of the tablet itself or that of the material properties in terms of AD properties.
1.3.1.1 Conventional hardness tester
A conventional hardness tester works by testing a solid dosage form in tension. A tablet is
placed in front of a stationary platen and the moving platen moves at a constant rate to
place a force on the tablet. The tablets reaction to that force will cause it to theoretically
break in tension. Failure in tension occurs when the internal forces of the object, in this
case a tablet, exert a force perpendicular to the applied force causing the tablet to break in
half.
Some of the benefits to this methodology include its wide acceptance, ease of use,
ease of availability and affordability. The data read out is also just one representative
number to characterize the strength of the tablet. This test method is also cost effective in
comparison to equipment such as an Instron tester that requires skill to operate and analyze
the data.
Some of the drawbacks to the hardness tester include a limitation to the maximum
force applied to material. In some cases, if the material is too hard or plastic, the instrument
will not provide a reading which limits the variables used in a study. In addition, the
collected data assumes material failed in tensile mode which is a challenge when evaluating
dosage forms with a plastic material, such as PEO.
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1.3.1.2 Near infrared spectroscopy (NIR)
Near infrared spectroscopy can exploit changes in tablet microstructural changes that occur
due to compaction forces or sintering to detect and monitor changes in tablet strength for
ADF application. NIR consists of only overtone and combinational bands of fundamental
molecular vibrations occurring in the narrow region of 750-3000 nm. The bands in this
region severely overlap making spectral interpretations difficult to resolve and interpret.
Further, NIR is known for its combination bands, which marks a transition between two or
more vibration modes in a combination band region of the spectrum.
A typical diagram for a diffuse reflectance spectrometer is shown in Figure 1.4. The
NIR used in this dissertation is comprised of a tungsten-halogen source lamps with a single
monochromator equipped with holographic diffraction grating an uncooled PbS detector
sandwiched with silicon photodiodes is also used, capable of detecting in the visible-near
infrared region (400-2600 nm).
There are several benefits to measuring in diffuse reflectance. First, the test method
is non-destructive, meaning the sample remains intact and unaltered after testing. Second,
the collection of data is fast, and rapid. In some instances, the NIR can be used to monitor
processes while they are occurring. Third, for monitoring sintering for ADP applications,
the diffuse reflectance light interaction with the sample tablet is directly proportional to
changes that occur in the tablet microstructure as a direct result of sintering.
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Figure 1.4: Diagram of diffuse reflectance spectrometer. Adapted from Ciurczack
(Ciurczak, Anderson, & Drennen, 2007).
Some of the drawbacks to using NIR for tensile strength determination is that the
sample is measured in diffuse reflectance so only about 1 – 4 mm on the front surface of
the tablet is measured. This small surface penetration results in a small amount of energy
contacting the sample. This can bring about great variation in the sample analysis (Ciurczak
et al., 2007). Second, NIR is only as precise as the primary method that the data is
correlated against.
1.3.1.3 Application of NIR to pharmaceutical tablet strength
A wealth of literature has been published on using NIRS to monitor tablet strength. With
most materials and tablet systems, the strength of the tablet is directly proportional to the
compression force used to make the tablet and consequently its solid fraction. The change
in solid fraction of the tablet can be monitored with NIRS by taking advantage of the light
scattering changes that occur with increase material packing density. These changes appear
as baseline shifts that occur in the NIR spectra.
In the same way that NIRS can be used to monitor strength from changes in
compression, we hypothesize that sintering can be monitored the same way since sintering
causes changes in tablet microstructure with time, albeit with more variability, or less exact
18

reproducibility. These changes can be monitored and used to predict strength values
making ADF characterization easier. NIR can also be used to monitor the sintering process
to determine the most optimal endpoint with desired outcomes. Despite this useful
application in technology, there are no reports in the literature that use NIR to monitor a
sintering process. Perhaps this is because sintering is not a common process either used or
discussed in pharmaceutics. The advent of ADF products may change that as sintering can
beneficially alter dosage properties in terms of ADF technology.
1.3.2. Crystallinity
Polymer crystallinity is an important parameter to test for in abuse deterrent products that
impart PB properties such as increased strength. The polymer crystallinity is related to the
plastic response of the polymer when exposed to a mechanical force. For instances the
more amorphous a polymer is the more plastic response it will exhibit. This plastic response
is important in terms of ADF properties as the more plastic a material is, the less likely it
is to fracture, creating fine particles. The more brittle a material is, the more likely it is to
fracture creating fine particles desirable for snorting. Crystallinity of the polymer may be
considered a desirable CQA of the dosage form worth testing especially as it relates to
abuse deterrence. In terms of PEO, the less crystalline the more plastic the response is.
The degree of polymer crystallinity and morphology has been related to the
polymer’s mechanical strength for several different polymer systems. For instance, in
carbon fiber polyphenylene sulfide composites, different degrees of crystallinity were
induced in the material using different cooling rates after hot compression molding of the
material. The authors noted that decreased cooling rates were associated with higher
crystalline content in the composite. They also observed that slower cooling rates resulted
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in material with a higher storage modulus (elastic energy stored in the material creating
‘stiffness’) with a lower loss modulus (ability to effectively dissipate energy) and lower
Tan delta values (ability of the material to dampen) (Batista, Olivier, Bernhart, Rezende,
& Botelho, 2016).
Other authors have attempted to correlate material crystallization directly to the
material’s Young Modulus. Pukánszky et al, looked at polypropylene homo blocks and
random copolymers produced with four different nucleating agents, Na benzoate, talc,
phosphate, and aluminate (Pukánszky, Mudra, & Staniek, 1997). They observed that the
Young’s modulus increased with increasing crystalline phase (random, block polymer,
homopolymer) and a general correlation between the crystallization characteristics and
Young’s modulus could be made for various polypropylene polymer systems (Pukánszky
et al., 1997).
Fine tuning the crystallinity of a polymer to obtain a desired physio-mechanical
response was investigated by Feng et al. who looked at fine tuning the crystallinity of Alpolytetrafluoroethenes (AL-PTFE) (Feng, Fang, Wang, Dong, & Li, 2016). The authors
implemented two different sintering procedures to obtain two different degrees of
crystallinity. They then observed that the lower crystalline AL-PTFE exhibited a higher
strength than the high crystalline sample AL-PTFE samples. They explained this effect
with the elastic-plastic network model combined with the effect of chain entanglement
theory.
Thus, understanding how polymer crystallinity changes during sintering, and how
those changes are correlated to favorable ADP properties is of interest and use. There are
several ways crystallinity was assessed in this dissertation. The instrumentation, benefits,
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and drawbacks of each method will be discussed for the three different methods used in
this dissertation: X-Ray diffraction (XRD), differential scanning calorimetry (DSC), and
Transmission Raman spectroscopy.
1.3.2.1 X-ray diffraction (XRD)
XRD is used to determine phase identification of a crystalline material. The intensity of
the diffraction patterns is correlated to the percent crystallinity of material in the sample.
Typically, the analyzed material is finely ground and homogenized and the average bulk
composition is determined using a radiation source with a diffractometer equipped with
slits, filter, and a position sensitive detector. The spacing of the diffraction patterns of
radiation after it interacts with the sample, using the Bragg equation, provides information
to put together a detailed structure of the crystalline material. The intensity of the
diffraction peaks can be used to quantitate the amount of each crystal structure in the
material.
One of the benefits to using XRD is that it is a principle method used to detect
crystalline structures. The full tablet sample can also be used in the analysis which
eliminates changes in crystallinity that could occur due to sample preparation such as
grinding. It been observed in high energy processes such as compaction, that polymorph
conversions can occur. Such was the case for chlorpropamide (Otsuka, Matsumoto, &
Kaneniwa, 1989). The authors show that crystalline Form A and Form C were converted
to a non-crystalline solid before they were converted to Form C and A respectively under
compression. Other authors have shown the anhydrous caffeine can change under milling.
Therefore, methods, like XRD, that do not require the tablet to be milled or ground provide
a better way of assessing crystallinity of the polymer in its intact dosage form.
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Some of the drawbacks are that XRD can be a cost prohibitive analysis and timeconsuming depending on the resolution obtained. In addition, changes in the laser source
can be a problem when comparing crystalline intensities. Finally, a slight misplacement of
the tablet in the sample dish can cause a drift in the 2-theta x-axis. XRD also suffers from
limit of detection and limit of quantification issues.
1.3.2.2 Differential scanning calorimetry (DSC)
Differential scanning calorimetry measures the change in heat capacitance between an
empty reference pan and a pan filled with sample that are heated simultaneously at the
same rate. An endothermic or exothermic event or phase transition is detected once a
sample reaches the specified temperature of a phase transition for that sample. For melting,
the sample remains at the melting point temperature until all the solid is melted into its
liquid state resulting in an endothermic trace on the thermogram.
A clear benefit to using DSC is that other thermal information such as changes in
melting point, etc. can be collected. In addition, DSC is sensitive enough to measure small
enthalpic changes. One of the major drawbacks to DSC is that the small sample size may
not be representative of the entire sample. Often, samples needed are below 10 mg so
sample uniformity in the thermal characterization is an issue. Another drawback is that
each sample can take a considerable amount of time to analyze depending on the heating
and cooling ramp conditions employed.
1.3.2.3 Transmission Raman
Raman spectroscopy measures the wavelength frequency shift of a laser source of light
after it interacts with matter. A 0.65 W laser power source is used, and the transmission
Raman excitation wavelength operates at 830 nm. A charged couple device detector placed
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on the other side of the sample in the spectrometer can measure wavelength shifts that
range between 50 cm-1 to 2000 cm-1 are recorded, see Figure 1.5.

Figure 1.5: Diagram of transmission Raman instrumentation
Transmission Raman spectroscopy has many benefits (Mabry, Bloomfield, Griffen,
& Andrews, 2015). The first benefit is that transmission Raman allows a large surface area
of the tablet to be measured. With specific instrumentation such as the Cobalt, the laser
spot size can be adjusted to either 2, 4 or up to 8 mm in diameter. In addition, Raman
spectroscopy offers a fast response rate, and requires no sample preparation or extra
consumables making it a non-destructive method. Raman spectroscopy also has great
detection limits at < 1% of the prediction errors and < 1% of the limit of quantitation and
it is also very reproducible as no operator error exists. Raman is also insensitive to particle
size and moisture which can interfere with interpretation of spectra. Finally, the welldefined sharp peaks of Raman provide information rich spectra that are very chemical
specific and can be used for accurate content uniformity and polymorphism detection and
quantification.
One of the downsides is that Raman spectroscopy is viewed as a secondary method
requiring a primary method for calibration curves. However, the quantitative methods such
as relating bandwidth to crystalline percentage does not require a primary method. It is also
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not a selective technique for all compounds; specifically, ionic compounds are Raman
inactive. In addition, data processing for large batches of spectra requires knowledge of
chemometric analysis.
1.3.3. Viscosity
Viscosity is an important parameter for abuse deterrence product characterization. The high
molecular weight of PEO makes it very difficult to characterize. In addition, PEO exhibits
non-Newtonian pseudoplastic flow in solution. This means that the shear stress exerted on
PEO will change with a change in shear rate applied. Therefore, the viscosity of the
resulting solution cannot be expressed by one value and must be represented by a range of
shear stresses over shear rates, i.e. the consistency curve. In some pseudoplastic materials
the curves may be compared by assessing the point at which the consistency curves start
becoming less non-Newtonian using the equation. This is a great way to describe polymer
materials that have not been decomposed through, i.e. in an abuse situation, and this
dissertation will highlight the importance of this method in assessing polymer materials.
It is of interest to determine how the polymer solution properties can be
characterized in terms of AD performance. The goal is to use in vitro methods to
extrapolate in vivo outcomes. One way to accomplish this is to characterize the material at
concentrations where PEO exhibits Newtonian flow to assess the material’s molecular
weight. Newtonian flow occurs when the shear stress exerted on the material remains the
same regardless of the shear rate applied to the material. In this way one single point on
the consistency curve can characterize the entire sample. Molecular weight determinations
can be made in this manner.
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There are many goals to assess viscosity of the polymer in an ADP. One goal may
be to determine if the polymer remains stable during thermally stressful manufacturing
conditions, such as hot melt extrusion or sintering. Another goal may be to determine how
the viscosity changes when an PB ADP undergoes a thermally stressful manipulation
scenario, i.e. cooling or heating. Finally, determining the molecular weight of the polymer
that undergoes thermal processing or manipulation could be a useful characterization tool
to determine the stability of the polymer and its ability to exert its intended ADP properties.
Since viscosity is correlated to molecular weight proper rheology measurements could be
used as in vitro tools. These measurements could be used to predict how an end abuser may
use the materials in either their original – unaltered state, or to determine the outcome of a
material’s rheological properties if the polymers are decomposed (in an abuse situation)
and are no longer able to form a viscous solution. Two different methods of assessment of
PEO at non-Newtonian concentrations include capillary viscosity and cone and plate
rheometer
1.3.3.1 Ubelohde
The Ubelohde viscometer (Figure 1.6) is one apparatus that can determine viscosity of a
Newtonian fluid by kinematic measure. Further, the kinematic viscosity of dilute polymer
solutions can be related to the molecular weight of the polymer using. This is because in
very dilute solutions, the viscosity of each individual polymer coil is additive. Thus, as the
polymer concentration increases, the overall solution viscosity will increase linearly above
the solvent viscosity. Therefore, the relation of molecular weight to kinematic viscosity is
as follows:
𝑛1
𝑛2

=

𝜌1 𝑡1
𝜌2 𝑡2
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(1.3)

Where n is the intrinsic viscosity of a given polymer. The intrinsic viscosity is related to
the linear size of the individual polymer coil and its respective molar mass. The density of
the material is represented by, ρ, and t is the flow time in seconds for the sample to travel
between the two filling lines. The polymer sample solution is compared to a sample of
known viscosity such as water. Once intrinsic viscosity is determined, then the Mark
Houwink parameters a, and k, which are dependent on the polymer-solvent system and are
independent of polymer molecular weight can be determined with the linear relationship
[𝑛] = 𝐾𝑀𝑎

(1.4)

where M is the concentration of the dilute polymer solution. The log-log relationship
(Equation 3) is established to solve for a and k and can be used to determine unknown
molecular weight values for a given solution with known concentration.
𝐿𝑜𝑔([𝑛]) = 𝐿𝑜𝑔(𝐾) + 𝑎𝐿𝑜𝑔(𝑀)

(1.5)

Figure 1.6: Ubbelohde Viscometer
One of the benefits to this method is that it is very straight forward and simple to
use. Some of the drawbacks or concerns of using this method include working in tightly
regulated temperature controlled water baths (0.02°C) and ensuring the time the sample
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flows through the fill marks is at least 300 s. Different size capillary viscometers may be
necessary if polymer solutions don’t meet the minimum 300 s flow time, making the
experiment difficult to carry out.
1.3.3.2 Cone and plate rheometer
The cone and plate rheometer instrument works by placing a small aliquot of
solution in a plate and forcing a cone to shear through the solution. The force of the shearing
is measured as a function of the rate at which the cone is sheared through the sample. When
the shear stress observed is linearly proportioned to the shear rate of the solution, the
sample exhibits Newtonian, or a non-plastic response. When the shear stress changes with
shear rate, then the sample is Non-Newtonian and exhibits a pseudoplastic response to
shear stresses. The material is represented by a consistency curve, i.e. a range of shear
stress responses that occur over a range of shear rates. A material like PEO exhibits a
pseudoplastic response to shear rate, however, when the sample solution is diluted, the
material will exhibit Newtonian behavior. In this manner, the cone and plate rheometer can
be evaluated for polymer molecular weight determinations, much like the Ubbelohde.
The Cone and plate rheometer is a more traditional viscosity measurement (Figure
1.7). The benefit is that a range of viscous samples can be measured with the same
equipment and experimental conditions. It is also easy to clean, and formation of sample
plugs, are prevented due to the slight angle of the cone and the ability to increase and
decrease shear in a reproducible manner. Some of the drawbacks include maintaining a
consistent temperature in the jacket may be difficult to do at room temperature. Slight
increases in the water jacket temperature can significantly affect measurements.
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Figure 1.7: Cone and plate rheometer diagram

1.4. In vitro assessment of ADF properties to prevent nasal snorting
Nasal absorption is a desirable route of drug uptake because of the physiological conditions
of the nose. In terms of abuse of opioid prescription drug products, grinding down a drug
product and snorting it is a desirable route of abuse for most recreational abusers since it
requires minimal effort and provides fast absorption for specific drugs that are highly
bioavailable in the nasal mucosa. Therefore, a physiological relevant in vitro test method
that can discriminate between different formulations for use in abuse deterrent applications
would be useful. However, the anatomy of the nose is complex. Some studies have been
done that demonstrate the complexity of how deposition behavior can affect drug uptake
(Cooney, Kazantseva, & Hickey, 2004; Guo, Laube, & Dalby, 2005; Kundoor & Dalby,
2010). However, these models may be overcomplicated in trying to assess a formulation’s
capability in prolonging drug release intranasally. The best in vitro methods utilize as many
realistic variables without being overly complicated. Therefore, the use of a vertical
diffusion cell (VDC) to compare comminuted AD products is proposed as a method that
can account for physiological relevant factors without being overly complicated.
There are a few main factors that significantly influence drug release intranasally.
These factors include mucociliary clearance, residence time, bioadhesion and particle size
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of the snorted particles, and the region where the particles land. This dissertation will focus
mainly on the particle size effect on drug release. However, the next few sections will
briefly discuss some of the anatomy of the nose and other physiological factors that may
be of importance.
1.4.1. Physiology of the nose
The nasal passage has been investigated for drug delivery of complex molecules such as
proteins and peptides or poorly soluble drugs or drugs susceptible to hepatic first pass
(Illum, 2003). The reason the nasal passage is desirable for drug delivery is due to the thin,
porous barrier of the nasal respiratory epithelium that allows for high permeability of large
molecules. With a relatively short path length resulting in rapid uptake of drug (McMartin,
Hutchinson, Hyde, & Peters, 1987; Monteiro-Riviere & Popp, 1984).
In addition, nasal mucociliary clearance limits the residence time of drugs
administered into the nasal cavity, decreasing the time for drug to be absorbed. In situations
where a drug is not bioavailable intranasally or poorly absorbed, the quick clearance makes
the nasal route less desirable. However, for highly soluble and intranasally bioavailable
drugs like oxycodone HCl the nasal passage is ideal for abuse by nasal insufflation. In the
case of poorly permeating substances, increasing the residence time of the drug to reduce
mucociliary clearance can be effective. In terms of abuse, increasing the residence time by
incorporation of a bioadhesive does counterintuitively increase the residence time of the
opioid in the nasal passage, but if the bioadhesive is also a controlled release polymer, the
system will release the drug over a controlled amount of time, eliminating the rapid onset
of ‘high” the end abuser seeks.
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Drug absorption in the nasal cavity is influenced by where the drug particles land.
The primary site for drug absorption, which is dependent on deposition, is in the turbinate
region of the nose that is covered by respiratory epithelium (Figure 1.8). The epithelium in
this region is ciliated on the posterior and middle region of the turbinates but is absent on
the anterior region. The mucosa in the anterior branch of the nose contains squamous
epithelia without cilia (Merkus, Verhoef, Schipper, & Marttin, 1998). This branch of the
nose is preceded by respiratory epithelium and olfactory epithelium follows – both of
which are ciliated.
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Figure 1.8: Anatomy of the turbinates in the nasal passage (From Levine HL, Clemente
MP. Sinus Surgery: Endoscopic and Microscopic Approaches. New York: Thieme Medical
Publishing; 2005:15.).
1.4.2. Mucociliary clearance
Mucociliary clearance is the most important factor in determining the absorption of drugs
administered intranasally whether intentional or in an abuse scenario since mucociliary
clearance controls how much residence time a drug has in the nasal mucosa for absorption
(Merkus et al., 1998; Schipper, Verhoef, & Merkus, 1991). The main function of
mucociliary clearance is to remove foreign matter from the nostrils to prevent the particles
from reaching the respiratory tract. In other regions of the nose, the cilia assist in the
31

removal of this foreign matter. Together, the mucosa acts as a sticky blanket that traps the
particles and the cilia act as the driving force to move the foreign matter towards the
nasopharynx where the foreign particulates are swallowed. In most instances material is
cleared out of the nose in under 12-15 min (Andersen & Proctor, 1983; Sackner, 1978) and
in some cases has been measured to occur in 20 min (Aoki & Crowley, 1976; Deborah &
KM, 2014). This clearance is dependent on where the drug lands in the nose and whether
the mucociliary function has been compromised by disease. For instance, the first phase of
clearance has been shown to remove 50% of administered drug that lands on the ciliated
respiratory mucosa followed by a second phase that takes longer to remove drug that lands
on the non-ciliated vestibule and anterior septal area (Andersen, Camner, Jensen, Philipson,
& Proctor, 1974; Batts et al., 1991; Lansley, 1993). The anterior turbinate of the nose has
no cilia and therefore if powder lands here it will be unaffected by mucociliary clearance.
However, the posterior turbinates are loaded with cilia and can quickly land in this region
and remove matter that deposits here. How a material embeds in the nasal mucosa, directly
affected by the particle impact, and/or how this material sticks to the nasal mucosa will
also affect the clearance rate.
While this dissertation does not directly consider mucociliary clearance in the
proposed in vitro method, it is important to consider how incorporation of a polymer such
as PEO, can prolong residence time in the nasal passage, preventing fast rapid clearance
from the nose into the GI tract. The increased residence time due to the bioadhesive can
maintain control of the drug release even in the nasal passage over a much longer time
frame. While mucociliary clearance is difficult to measure the rate at which drug release is
prolonged or exacerbated from a comminuted dosage form can easily be measured.
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1.4.3. Prolonging residence time of snorted ADP with a bioadhesive agent
Bioadhesive agents present in an ADF product will determine how long a material
is able to sit on the nasal mucosa membrane before mucociliary clearance eliminates the
dosage in the nose. In some instances, bioadhesion is reported to prolong release for up to
6 h. This is important with ADF products because the longer the material sits on the nasal
mucosa passage the longer the polymer can form a gel and prolong the release of drug in
this passage. While drug will eventually be released, the release will be prolonged reducing
the fast onset that an opioid abuser desires
In addition, the bioadhesion can act as an irritant. In a study by Perrino et al, study
participants noted that the OxyContin®, formulated with the PEO, created greater intranasal
discomfort, stuffiness, and intranasal obstruction compared to the formulation without PEO
(Perrino, Colucci, Apseloff, & Harris, 2013). While there may be other formulation factors
associated with the irritation, it was noted in another study by Vosberg et al. that study
participants were less likely to snort comminuted tablets formulated with PEO based on
visual inspection as they were appeared they would cause irritation to make that route of
abuse less desirable (Vosburg et al., 2013). It has also be shown by Lin et al. that
rheological properties of a formulation can be predicted in order to minimize clearance by
mucosa (S. Y. Lin, G. L. Amidon, N. D. Weiner, & A. H. Goldberg, 1993; Shun Y. Lin,
Gordon L. Amidon, Normal D. Weiner, & Arthur H. Goldberg, 1993).
Therefore, a test method that can account for the evolution of bioadhesion – that is
the transition for dried snorted particles to a hydrated state and how the polymer can
subsequently control release is of value. The VDC represents a simple mechanism to
accomplish this.

33

1.4.4. Vertical diffusion cell apparatus
A vertical diffusion cell was used as our in vitro apparatus to assess ADF formulations
differences in a simulated nasal insufflation situation. In fact, the VDC has been used for
in vitro assessments of formulations for intranasal absorption application (Galgatte,
Kumbhar, & Chaudhari, 2014; Kurti et al., 2013). The appeal of the VDC method is that it
essentially represents a dissolution method with a filtration device, i.e. a synthetic
membrane, to allow for drug transport but to also prevent the gelled polymer from entering
the receiver compartment. The membrane acts as a support for the comminuted dosage
(Ng, Rouse, Sanderson, & Eccleston, 2012).
While there are several different models of the VDC, the VDC, as illustrated in
Figure 1.9, used in this dissertation has several advantages. This specific VDC allows for
sample displacement that makes sampling accurate. When receiver medium is sampled,
fresh receiver media is placed in the lower arm of the VDC, and the old media is
simultaneously displaced through the upper arm. Second the membrane and support ring
allow for the comminuted dosage form to be uniformly distributed on the membrane. Third,
the glass wafer tightens down the gap with membrane and provides humidity control of the
sample. Fourth, this apparatus set-up provides includes the polymer swelling step as an
important component of the API release profile.
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Figure 1.9: Picture of vertical diffusion cell (Hanson Research Corporation – Reprinted
with permission).
There are several drawbacks to the proposed methodology of applying comminuted
tablet particles to a VDC. One is that this method requires good skill in placing the
comminuted tablet on the membrane. Sample loss can occur due to electrostatic particle
charging of powders. In addition, it is very easy to clump the powder material in a pile. If
material is placed in a pile rather than spread out nicely on the membrane, this will increase
the pathlength for drug to diffuse through in the first initial gel barrier before it can diffuse
through the membrane. The other drawback to this method is determination of the
appropriate sample selection. The particles were randomly selected without sieving for a
particle distribution. While this could cause variability in replication we wanted to capture
this variability with the VDC.
1.5. Hypothesis and specific aims
This dissertation explores the following hypotheses:
➢ If polyethylene oxide is thermally treated during manufacture the PEO
will densify and the degree of PEO crystallinity in the dosage form will
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decrease significantly improving not only the tablet tensile strength but the
ductility of the dosage form.
➢ During sintering, the microstructural and physical properties of PEO in the
dosage form are altered during sintering, then process analytical
technology can monitor these changes and a vertical diffusion cell will be
able to assess release rate differences of API from the dosage form to the
immediate release dosage form.
Specific aims
The following aims are used to test the above listed hypotheses:
➢ PEO particle size distribution, PEO composition in dosage form, initial
tablet solid fraction, and sintering time length will influence the sintering
process altering the microstructural characteristics of the tablet resulting in
different CQA’s of the tablet.
➢ The microstructural changes that occur during the sintering process can be
monitored using NIRS and Raman spectroscopy and in some cases these
methods can predict the CQA of the AD product.
➢ A vertical diffusion cell can be used to discriminately assess in vitro
differences in comminution methods (i.e. resulting particle size) used to
break down a physical barrier AD product and tablets that exhibit similar
CQA’s of an AD product that are prepared for abuse via the nasal route.
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2. Viscosity analysis of high molecular weight polyethylene oxide
2.1. Introduction
Assessment of polymer molecular weight is an important characterization for abuse
deterrent formulations. Viscosity is correlated to molecular weight of a polymer. In cases
where a polymer is providing the abuse deterrent properties of a dosage form, the molecular
weight of the polymer can be considered a direct correlation to the polymer’s critical
quality attributes and how well it can deter abuse, such as making parenteral injection
difficult, or snorting irritating. This chapter outlines various experiments and methods used
to assess the viscosity of different types of PEO samples for various abuse deterrence in
vitro test analysis. This chapter also highlights the use of two different viscosity techniques,
kinematic viscosity, and cone and plate rheometer to assess the molecular weight of various
PEO samples. Further, the second half of this chapter deals with testing methodology and
how it influences data analysis. Specifically, a section on how sample preparation
influences viscosity results is presented.
2.2. Dilute solution viscosity determination of PEO molecular weight by kinematic
viscosity and the Mark Houwink equation
2.2.1. Introduction
The purpose of this experiment was to develop a Mark-Houwink equation to determine the
molecular weight of unknown molecular weight polyethylene oxide samples by dilute
solution viscosity using an Ubbelohde viscometer to measure the kinematic viscosity of
PEO samples. The goal was to build a Mark Houwink Calibration and determine the “K”
and “a” Mark Houwink constants for PEO and water (Rubinstein & Colby, 2003). First
intrinsic viscosity is determined as the slope of a plot of the relative, measured viscosity,
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verse concentration of dilute solutions of sample. Because in dilute solutions, each polymer
coil contributes to viscosity in an additive fashion to increase the solution viscosity above
that of the solvent viscosity linearly with polymer concentration. Once the intrinsic
viscosity is determined, it is related to the size of the polymer, the coil size, R, and its molar
mass, M by the Fox-Flory relationship:
[𝜂]𝑀 ~𝑉 ~𝑅 3

Equation (2.1 )

Because of the fractal nature of polymers, the Mark-Houwink equation links their polymer
size to the power law (M~RD):
[𝜂] = 𝐾𝑀𝑎

Equation (2.2)

Where K and a are distinct for each solvent system. Plotting a series of different molecular
weight PEO samples and their intrinsic viscosity provides the constants K and a for a given
polymer-solvent system. Once this information is obtained, the molar mass of unknown
PEO samples, such as those that have been manipulated in such a way to affect the
molecular weight of the PEO, can be determined to assess if the molecular weight has been
decreased of not. This strategy could be employed for a variety of PEO-solvent systems
beyond just water, to include common household solvents.
2.2.2. Materials and methods
2.2.2.1. Materials
The following molecular weights of PEO were used: 200,000 Mw (Polyox, WSR N-80,
Dow Chemical, Lot# SJ2055S513), 900,000 Mw (WSR 1105, Dow Chemical, Lot #
2C0455S5D1), 1,000,000 Mw (WSR N12K, Dow Chemical, Lot# 212455s5L2), 2,000,000
Mw (WSR N60, Dow Chemical, Lot # 2F1455S5M1), and 7,000,000 Mw (WSR303, Dow
Chemical, Lot#2L3055s5R3).
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2.2.2.2. Solution preparation
A minimum of three dilute solutions were prepared for each molecular weight grade of
PEO. The concentrations varied between 0.01 g/L to 0.2 g/L depending on the molecular
weight of the polymer. Solutions were prepared by slowly dissolving the small quantity of
PEO (0.0050 g to 1.000 g) into a mixing container of 100 mL of 18MΩ water.
2.2.2.3. Kinematic viscosity measurement
A Size 0B capillary viscometer (Cannon Ubbelohde, Figure 2.1) was used with a Fischer
Scientific (S/N: 140504793) NIST traceable platinum high accuracy thermometer (± 0.1°C
with 0.01°C resolution) to monitor the water bath temperature. The viscometer was situated
in a water bath where the water bath level minimally covered the viscometer reservoir.
Each trial was conducted by pouring the PEO solution into the viscometer until the
liquid level in the Ubbelohde reservoir was between the two filling mark lines (Figure 2.1).
The solution was equilibrated with the water bath temperature for a minimum of 15 min
before the study was conducted. The solution was drawn up the capillary column until the
solution was above the graduation marks. The suction was released to allow the solution to
drop. Once the meniscus of the solution touched the top graduation mark the time was
recorded until the meniscus reached the bottom graduation mark, see Figure 2.1.
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Figure 2.1: Ubbelohde Viscometer
2.2.3. Results
Linear calibration curves were created for five different grades of PEO (7,000,000,
2,000,000, 1,000,000, 900,000, 200,000 MW). Figure 2.2, Figure 2.3, Figure 2.4, Figure
2.5 and Figure 2.6 show the corresponding curves for each PEO MW grade. The intrinsic
viscosity for each PEO grade is determined as the slope of the linear regression of the
concentration verse relative viscosity. Table 2.1 lists these calculated values. The log of
the intrinsic viscosity is then plotted against the log of the PEO molecular weight.
Figure 2.8 is a plot of the log (PEO Mw) vs the log (intrinsic viscosity) for the respective
PEO grade. The Y intercept of this curve is the Mark Houwink “a” parameter and the “k”
parameter is the slope of the curve. The values generated agree well with the reported
literature values. Figure 2.7 includes the 7,000,000 MW PEO. The 7,000,000 MW point
appears to be an outlier and the Ubbelohde method may not be able to suitable distinguish
differences in high MW PEO. For this reason, 7,000,000 MW was removed from the curve
in Figure 2.8 to generate the “k” and “a” parameters.
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Figure 2.2: 7,000,000 MW dilute solution viscosity calibration curve
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Figure 2.3: 1,000,000 Mw PEO dilute solution viscosity calibration curve
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Figure 2.4: 2,000,000 Mw PEO dilute solution viscosity calibration curve
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Figure 2.5: 900,000 Mw PEO dilute solution viscosity calibration curve
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Figure 2.6: 200,000 Mw PEO dilute solution viscosity curve

Table 2.1: Calculated intrinsic viscosities for different Mw grades of PEO
PEO Mw

[η]

Intrinsic
Log(MW)
Viscosity
4.742
6.845

Log(Intrinsic
Viscosity)
0.676

7,000,000

-31.486

2,000,000

-36.155

5.079

6.301

0.706

1,000,000

-24.255

4.497

6.000

0.653

900,000

-16.733

4.236

5.954

0.627

200,000

-6.5105

3.163

5.301

0.500
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Figure 2.7: Mark Houwink curve for PEO in water at 25°C including 7,000,000 MW PEO
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Figure 2.8: Mark Houwink curve without 7,000,000 MW PEO for PEO in water at 25°C

Table 2.2 - Experimental vs. literature values(Brandrup)
Parameter Experimental Literature

K

0.2081

0.39

a

0.6024

0.67

2.2.4. Conclusions
The Mark Houwink “k” and “a” parameters experimentally determined agree well with the
literature (Brandrup). The next phase of study was to incorporate PEO decomposition
studies. Once decomposition studies initiated, it was discovered that the decomposed
samples flowed too fast for the viscometer. For accurate results the time for the fluid in the
viscometer to drop between the graduated marks should be minimally 200 s (Hester, 2001).
This could not be obtained, and it was decided to end the progression of this study.
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However, it should be noted that this is a great method to determine the molecular weight
of PEO samples that have not be significantly decomposed.
2.3. Determination of a suitable cone and plate rheometer method to determine the
viscosity of thermally manipulated PEO samples.
2.3.1. Introduction
Since viscosity of the polymer materials used in ADF’s is important towards prevention of
drug abuse by parenteral injection, it is important that we understand the viscosity
properties of the materials in the dosage form. This study sought to characterize the
pseudoplastic behavior of the polymer material and then to assess changes in the material’s
consistency curves due to excessive heating of the material and how these changes could
possibly relate to the average molecular weight average of the material.
The viscosity of a polymer material is a function of the polymer chain length. As
the chain length increases, the viscosity also changes. When the polymer decomposes and
the chain length decreases we expect to see the viscosity of the material to change as well.
2.3.2. Materials and methods
2.3.2.1. Materials
Polyethylene oxide (PolyoxTM WSR N60K Dow Chemical, Lot# YK0555s5M1) was used
for this study.
2.3.2.2. Sample heating
300 mg of PEO was placed in glass scintillation vials. Samples were heated at 100°C for 0
min, 30 min, and 60 min in an oven
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2.3.2.3. Viscosity.
Viscosity measurements were conducted using a cone and plate rheometer (Brookfield,
Model DVIII Ultra). For each sample, a 3wt% solution was prepared. The powder was
weighed, and the corresponding amount of deionized water was added to the powder. The
resultant mixture was stirred to allow complete dissolution of the sample. A Brookfield 52
spindle was used for measurements. The viscosity was measured from 1 – 101 rpm with 1
10 rev/min ramp. The viscosity of the same sample was measured from 101 – 1 rpm at a 10 rev/min ramp to measure the occurrence of hysteresis
2.3.3. Results
A minimal amount of hysteresis was observed for the PEO. Unheated PEO had the most
hysteresis observed. This implies that the viscosity of pure PEO is more prone to change
with changes in shear rates applied. All materials do have consistency curves representative
of polymeric or pseudoplastic material.
The shear stress of PEO changed with respect to heating time as shown in Figure
2.9. This is an important observation. Polymer chain length is a function of the amount of
shear stress exerted in the system. While the consistency curves do not provide quantitative
values associated with polymer molecular weight, they do provide a qualitative indicator
that the chain length of the polymer decreases after heating. The shear stress applied
decreases in PEO with the heating.
The viscosity of PEO exhibited the greatest difference when the applied spindle
RPM is between 1 – 21 rpm (Figure 2.10). At 1 rpm, the PEO samples have the highest
viscosity. When the spindle speed is set to greater than 21 rpm, similar shear thinning
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behavior is observed for all samples and the viscosity is similar for all samples regardless
of heating time and material type.
2.3.4. Conclusions
Obtaining consistency curves rather than single point measurements provides a better
analysis for our material flow. The longer the heat was applied to sample, the less shear
stress was applied to the gel and therefore the viscosity of the gel decreased.

Average (N=3) Shear Rate vs. Shear Stress
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Figure 2.9: Consistency curves for granulated PEO and PEO. NHT = no heat treatment.
HT = heat treatment
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Figure 2.10: Average (N=3) Viscosity vs spindle speed of heat treated and non-heat
treated PEO.
2.4. Solution preparation for viscosity analysis of sintered PEO placebo tablets using
plate and cone rheometer
When PEO is present in the tablet matrix and is intentionally sintered in the manufacturing
process, it is of interest to determine if the sintering process itself can induce molecular
weight changes in the PEO. We use a cone and plate rheometer to detect differences
between the sintered and non-sintered tablets. Any changes can be correlated to a molecular
weight change due to unintentional decomposition. We also examine two different sample
preparations for viscosity measurement and how the preparation method itself can impact
our results. The two sample preparation methods are filtering the solution through a 0.45um
Whatman® syringe filter and the second involves placing the solution in a centrifuge and
filtering the supernatant through a pipette and cotton tip filter.
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2.4.1. Materials and methods
2.4.1.1. Materials
The same tablets prepared in chapter 3.3.2 were used for this study. Specifically, the tablets
prepared with a high porosity with PEO content of 70, 50, and 30% w/w that were sintered
for 0, 1, 3, 9, 15 h were evaluated in this study.
2.4.1.2. Viscosity
Please refer to 3.3.8 for methodology.
2.4.2. Results
A distinct difference in viscosity due to blend was evident by Figure 2.11 and the 2 way
ANOVA and graphical ANOVA (Table 2.3, Figure 2.14, Figure 2.15). However, this
difference was only slightly significant with a P-value of 0.05. Heat treatment does not
seem to affect viscosity of tablets shown by the 2-way ANOVA (P-value >0.25).
The shear stress curves for the heat-treated samples were compared to the nonheated samples within blend using the F2 statistic.
𝑛

𝑓(2)

−1
1
= 50 log (
∑(𝑅𝑡 − 𝑇𝑡 )2 ) 2 × 100))
1+𝑛
𝑡=1

A plot of the degree of dissimilarity between 0 hr and sintered times is shown in Figure
2.12. The 70% blend exhibited increase in dissimilarity with sintering time as expected.
This was not the case for 30% and 50% PEO blends.
The actual viscosity values obtained at a spindle speed of 51 rpm were compared
in Figure 2.13. The 70% samples had the lowest viscosity overall followed by the 50% then
30% which is rather counterintuitive. To test how reliable this method was at
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discriminating between low solution viscosity differences, tablets were heated at 150°C for
3 h following the same sample preparation. The results are shown in Figure 2.16. A
significant decrease in viscosity was noted in comparison to tablets heated at 80°C.
However, the tablets heated at 150°C exhibited similar viscosities. These curves over-laid
with the viscosity curve for water.
Finally, the reliability of the preparation method was tested. The fact that percent
composition of PEO significantly affected the results seemed counterintuitive since care
was taken to normalize the solutions to the weight percentage of PEO found in each
individual sample. Instead of filtering the samples, the resulting solutions were centrifuged
for 4 h. The resulting supernatant was removed and measured. Figure 2.18 shows that there
is no longer any differences with viscosity results based on percent composition of PEO.
All curves overlay one another. Perhaps as PEO is filtered through the membrane filter the
polymer aggregates or interacts with the membrane thereby impacting the final results.

Figure 2.11: Shear stress curve for all samples prepared by filtration
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Fit Factor of Shear Stress Curve (N=3 for each time point)
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Figure 2.12: Fit curve for viscosity data by filtering the samples.
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Figure 2.13: Average viscosity point value at 51 rpm for all samples

58

Residuals vs. Predicted Values
0.6
0.4
0.2
0
-0.2 4

5

6

7

8

9

-0.4
-0.6

Figure 2.14: Residuals for filtration method viscosity results

Graphical ANOVA
3.5
3
2.5
2
1.5
1
-3

-2

-1

Blends
Treatments
Residuals
0

1

2

3

Axis Title

Figure 2.15: Graphical ANOVA for filtration method viscosity results

Table 2.3: 2-Way ANOVA for filtration method viscosity results

between blocks
between
treatments
residuals

Sum
of
Squares DOF
8.8463
2
1.8987
4

Mean
Square F ratio
4.423179 ~=0.05
0.474677 >0.25

0.9035

0.112948

8
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Figure 2.16: Stress curve comparison of samples
compared to samples sintered at 80°C for test method reliability.
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Figure 2.17: Overlay of filtered and centrifuged samples for 0 hr (30%, 50%, 70% PEO)
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Figure 2.18: Viscosity curves for samples prepared by centrifuge method, 0 hr (30%,
50%, 70% PEO)
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Figure 2.19: Viscosity curves for samples prepared by filtration method, 0 hr (30%, 50%,
70% PEO)
2.4.3. Conclusions
It was shown that cone and plate rheometers can be used to detect when a sample of PEO
has been decomposed. It was also shown that sintering PEO at 80°C will not cause PEO to
decompose as the viscosity does not significantly change with sintering time applied.
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Further, sample preparation is important and can affect the rheology results. Since
the tablets in abuse deterrent formulations will have many insoluble particles, it is
important to develop good methods to separate out the undissolved particles without
affecting the PEO content in the actual solution.
2.5. Development of viscosity methodology to correlate with material molecular
weight average using a cone and plate rheometer & the Mark Houwink equation
2.5.1. Introduction
The purpose of this experiment was to determine the suitability of a cone and plate
rheometer to determine the molecular weight of polyethylene oxide by dilute solution
viscosity (Hester, 2001; Wagner, 1985). The goal was to build a Mark Houwink calibration
and determine the “K” and “a” Mark Houwink constants (Equation 2) for PEO and water
as done in section 2.2. We also examined the extent that temperature fluctuations with the
circulating water bath could influence our measurements.
2.5.2. Materials and methods
2.5.2.1. Materials
Polyethylene oxide with 5,000,000 Mw (Polyox™ WSR Coagulant NF, Dow Chemical,
Lot#2D0855S5C4).
2.5.2.2. Solution preparation
Several Concentrations of PEO solutions were prepared ranging from 0.08 g/dL to 0.04
g/dL. The PEO was fully dissolved in a small portion of the required water in a beaker.
The resultant solution was then added to a 100 mL volumetric flask. The remaining
additional water was added to the fill mark on the flask.
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2.5.2.3. Viscosity measurements
Four different temperature ranges were assessed. The first temperature was room
temperature which fluctuated between (25-27°C), the second temperature was 28°C and
ranged from 28.10°C - 29.40°C, the third temperature was 30°C and the fourth was 35°C.
Both the third and fourth temperature remained stable throughout the entirety of those
specific runs. In addition, six different shear rates were applied to the different samples to
Viscosity measurements were conducted using a cone and plate rheometer (Brookfield,
Model DVIII Ultra). For each sample, different concentrations of PEO solutions were
prepared. The powder was weighed out and the corresponding amount of deionized water
was added to the powder. A 40 spindle (Brookfield) was used for measurements. The
viscosity was measured at several revolutions per minute (RPM) from 200 rpm to 250 rpm.
This was the only range where reliable readings were acquired (i.e. % torque is between
10% -90%). The temperature of the circulating water bath was also varied in order for us
to determine how much temperature could affect our results.
2.5.3. Results
For each temperature point, the viscosity of five concentrations of dilute PEO solutions
was measured between 200 – 250 rpm. Each solution was measured 4 times at each speed
applied. Figure 2.20 through Figure 2.23 show the viscosity curves for the dilute solutions.
For all shear rates selected the solution curves overlap each other indicating there is not
much change of viscosity in this region. This implies the solution is behaving ideally as a
Newtonian fluid at these applied shear rates.
Table 2.4 shows the linear regression line for the dilute solution curves obtained at
250 RPM. These linear lines exhibited a R2 ~ 0.90 which is an indication that the method
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is not honed. One issue with this technique is that the rotational rheometer is limited to the
concentration range it is able to measure. Solutions below 0.04 g/dL are too fluid to be
measured whereas solutions greater than 0.07 g/dL start to behave more like NonNewtonian fluids reducing the linearity in the curve.
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Figure 2.20: Dilute solution viscosity curve for 28.10°C – 29.40°C

64

0.09

2
1.9

200 rpm

210 rpm

220 rpm

230 rpm

240 rpm

250 rpm

1.8

Viscosity, cP

1.7
1.6
1.5
1.4
1.3
1.2
0.02

0.03

0.04
0.05
0.06
Concentration g/dL

0.07

0.08

0.09

Figure 2.21: Dilute PEO solution viscosity curve for 35°C
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Figure 2.22: Dilute PEO solution viscosity curve for 25 - 27°C
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Figure 2.23: Dilute PEO solution viscosity curve for 30°C
Table 2.4: The linear lines obtained for all curves collected at 250 rpm.
Temperature Range

Linear Equation

R2

25°C - 27°C

Y = 18.167x + 0.8473

0.9071

28.10°C - 29.40°C

Y = 16.133x + 0.8287

0.9067

30°C

Y = 16.637x + 0.7527

0.8899

35°C

Y = 13x + 0.7913

0.8649

2.5.4. Conclusions
We determined that viscosity measurements obtained between 25°C - 27°C yielded similar
results to the viscosity obtained between 28.10°C – 29.40°C. Due to the limitation of the
rotational rheometer, we were unable to measure viscosity of solutions with a concentration
less than 0.04 g/dL. Concentrations greater than 0.06 g/dL were too viscous and exhibited
non-Newtonian flow behavior. To build the Mark-Houwink curves, solutions must be
diluted enough to be considered Newtonian.
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3. Physical Barrier Type Abuse-Deterrent Formulations: Mechanistic
Understanding of Sintering-Induced Microstructural Changes in Polyethylene
Oxide Placebo Tablets
3.1. Abstract
Sintering of pharmaceutical tablets has gained interest for use in abuse deterrent product
applications. Thus, the main goal of the presented work was to understand changes in the
microstructure of tablets, as well as the properties of its main component viz. polyethylene
oxide (PEO) as a function of sintering. Key polymer variables and sintering conditions
were investigated, and sintering-induced increase in tablet tensile strength, an important
suitability parameter for abuse deterrent tablets, was evaluated.
Polyethylene oxide (PEO) is a popular excipient used in several abuse-deterrent
products currently on market. The unique physical and chemical properties of PEO render
the required mechanical properties that create a crush-resistant physical barrier, as well as
gel-forming ability when the tablet matrix is exposed to moisture. For the current study,
binary-component placebo tablets comprising of varying ratios of PEO and anhydrous
dibasic calcium phosphate (DCP) were prepared at two levels of tablet solid fraction. The
prepared tablets were sintered in an oven at 80°C at different time points ranging from 15
min to 15 h, and were evaluated for pore size, tablet expansion (%), and PEO crystallinity.
The results showed that for efficient sintering, and a significant increase in the
tablet tensile strength, a minimum of 50 % w/w PEO was required. Moreover, all
microstructural changes in tablets were found to occur within 1 h of sintering, with no
significant changes occurring thereafter. Sintering also resulted in a decrease in PEO
crystallinity, causing changes in polymer ductility. These changes in PEO ductility resulted
in tablets with higher tensile strength.
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Formulation variables such as PEO level, and PEO particle size distribution were
found to be important influencers of sintering process. Additionally, tablets with high
initial solid fraction, and sintering duration of 1 h were found to be optimal conditions for
efficient sintering of PEO-based compacts. Finally, prolonged sintering times were not
found to provide any additional benefits in terms of abuse deterrent properties.
3.2. Introduction
Prescription opioid deaths due to misuse and/or abuse of pharmaceutical drug products
have increased from 18,000 deaths in 2012 to 33,000 deaths in 2015, and continues to rise
(RA, P, F, & L., 2016). The rate of prescription overdose related deaths have become so
alarming, that the Center for Disease Control (CDC) has declared prescription opioid abuse
an epidemic (RA et al., 2016). In response, abuse deterrent formulations (ADF) of opioids
have been introduced into the pharmaceutical market during the past decade as one method
to help curtail the growing prescription opioid epidemic. Since extended release
Oxycontin® (Stephen C. Harris et al., 2014; Perrino, Colucci, Apseloff, & Harris, 2013)
received the first USFDA abuse deterrent labeling claims, nine other innovator ADF-based
drug products have been approved to be marketed in the US. These products include,
TarganiqTM ER, Embeda® (Badalamenti, Buckley, & Smith, 2012; Rubino, 2011; Setnik,
Sommerville, Goli, Han, & Webster, 2013), HysinglaTM ER (S. C. Harris, Cipriano,
Colucci, et al., 2016), MorphabondTM (Webster et al., 2016), XtampzaTM ER (Gudin, LevyCooperman, Kopecky, & Fleming, 2015; S. C. Harris, Cipriano, Kapil, et al., 2016;
Kopecky, Fleming, Levy-Cooperman, O'Connor, & E, 2016), Troxyca® ER (Backonja et
al., 2016), Arymo®, Vantrela® and just recently RoxyBondTM. These drug products utilize
several different approaches to prevent abuse which are outlined in the FDA draft guidance,
and are discussed in various review articles (Alexander, Mannion, Weingarten, Fanelli, &
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Stiles, 2014; Julien Maincent & Feng Zhang, 2016; Medical, 2015; Moorman-Li et al.,
2012; Research, 2016; Simon, Worthy, Barnes, & Tarbell, 2015; Stanos, Bruckenthal, &
Barkin, 2012). The ability of a drug product to mitigate abuse by grinding, cutting, and
chewing has been the most popular formulation approach for the development of ADFbased drug products. It has been demonstrated that simply introducing a physical barrier to
prevent the easy production of a fine powder from a tablet significantly reduces the
incidence of prescription opioid abuse for that product (Severtson et al., 2016).
One such approach for creating a physical barrier includes sintering the polymer
components in the tablet (McKenna, Mannion, O'Donnell, & Huang, 2014). Sintering of
polymers in tablet matrices have been reported in the literature, mainly to alter the release
of the active pharmaceutical ingredient (Azarmi, Ghaffari, Löbenberg, & Nokhodchi,
2005; Dave, Fahmy, Bensley, & Hoag, 2012; Dave, Fahmy, & Hoag, 2013). However,
sintering has become prominent in the development of ADFs for extended release drug
products. Patents involving the marketed drug product, OxyContin®, refers the use of a
sintering process to cure a polymer, i.e. PEO resulting in increased tablet strength, making
the tablet more resistant to cutting, grinding, and/or chewing (Elisabeth Arkenau-Maric,
Johannes Bartholomaus, & Heinrich Kugelmann, 2012). Sintering is a well-known
technique in powder metallurgy that can be used to beneficially transforms material
properties by thermally treating the materials (Randal M. German, 1996).

In most

instances, the goal of sintering is to increase the resulting material’s strength. In its
simplistic definition, sintering involves the movement of particles that fuse together to form
a new, larger and stronger particle. There are several factors that can affect the sintering
process and ultimately the desired performance of the tablet; these factors include, but are
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not limited to, particle size distribution of the sintering agent, solubility of the non-sintering
components within the sintering agent, sintering temperature, sintering duration, heating
and cooling rate, heating environment, presence or absence of impurities, etc (Randal M.
German, 1996).
Polyethylene oxide (PEO) has become a popular polymer choice for abuse deterrent
formulations due to its unique chemical structure and physical properties. PEO is a
thermoresponsive polymer, known for its strength-imparting properties in a solid dosage
form, particularly when pretreated thermally (J. Maincent & F. Zhang, 2016) PEO is
amenable to thermal processes such as hot melt extrusion and sintering (Coppens, Read,
Hall, & Mitchell, 2006). The key properties of PEO that makes it a useful component of an
ADF formulation include, the availability of high molecular-weight grades (1,000,000 to
7,000,000 Mw), the molecule’s linear backbone and lack of side groups, a low glass
transition temperature (Tg, -70°C), and low melting point (60-70°C). In addition, PEO is
known to form highly viscous, bioadhesive gels when exposed to moisture (Ma, Deng, &
Chen, 2014).
Much of the literature related to ADF drug product development has focused
mainly on assessment of abuse deterrent potential. Reports related to a mechanistic
understanding of abuse deterrence is rather sparse in current literature (Butler et al., 2006;
Butler et al., 2010; Cone, Buchhalter, Wang, & Henningfield, 2015; Cone, Giordano, &
Weingarten, 2013; Katz et al., 2006; Xu, Gupta, Al-Ghabeish, Calderon, & Khan, 2016).
Recent reports in the abuse deterrent field have implemented the use of sintering. Xu et al
studied sintered sotalol HCl polyethylene oxide matrix tablets (Xu et al., 2016). Xu et al.
proposed a risk-based performance matrix approach to evaluate and assess the performance
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of an ADF. Their assessment matrix was divided into five parts: tablet destruction, API
extraction, injectability, insufflation, and sublimation potential. Each test was conducted
if the prior assessment, such as tablet destruction, led to information that would warrant
further testing. For example, generation of very small particle size from tablet destruction
would require nasal insufflation testing. More recently Rahman et al., conducted a
fractional factorial designed sintering study with sotalol HCl and PEO tablet matrices,
assessing different variables such as PEO molecular weight, curing temperature, curing
duration, and curing method (Ziyaur Rahman et al., 2016). They presented the use of a
texture analyzer to quantitatively assess the ADF hardness profile. Their results, however,
showed that, in some cases the hardness of ADF tablet formulations with high ductility
exceeded the measuring capacity of the texture analyzer, and in other cases the tablet
hardness measurements were not reproducible (Ziyaur Rahman et al., 2016).
Despite several studies reporting the utilization of sintering for improved tablet
strength, there is still a lack of fundamental understanding of the molecular mechanism
involved. Specifically, the sintering-induced tablet microstructure changes that result in
changes to the critical quality attributes (CQAs) of the ADF tablets, such as strength and
ductility. The ductile nature of PEO implies that it does not have a breaking strength,
making discreet quantitation of dosage forms for comparison difficult. Several patents
describe methods used to assess the breaking strength of an ADF involving a physical
stress-strain tester where a load of 500 N is placed on a tablet (E. Arkenau-Maric, J.
Bartholomaus, & H. Kugelmann, 2012; Bartholomaus, Kugelmann, & Arkenau-Marić,
2012). These patents claim that a tablet can be considered to have ADF properties if they
do not break under 500 N of force. The tablets are also considered to have ADF properties
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even if they deform under the 500 N of force. Other studies related to ADF takes the
approach of reporting non-readable values, making it difficult to discern the effects of
formulation and manufacturing variables on this important CQA (Bartholomaeus,
Arkenau-Marić, & Galia, 2012; Ziyaur Rahman et al., 2016). It is therefore imperative to
systematically understand the influence of thermal treatment on tablet tensile strength to
further improve Abuse Deterrent Formulation (ADF) technologies, and increase
applicability across different polymer platforms
Thus, in the current study we sought to understand factors that influence the
sintering process, and its effects on the tablet microstructure pertaining to a final CQA’s
needed for an ADF dosage form. We prepared placebo tablet formulations that can be
tested using a conventional tablet hardness tester. The simplicity of studying a binary and
placebo dosage form also allows us to mechanistically evaluate the sintering process with
respect to its influence on the key polymer component, PEO. A deeper understanding of
the influence of key processing decisions such as tablet solid fraction, sintering duration,
and PEO composition on the CQAs of an ADF is gained.
3.3. Materials and methods
3.3.1. Materials
Anhydrous Dibasic Calcium Phosphate (DCP) (Emcompress®, JRS Pharma, Lot# 2047X),
polyethylene oxide (PEO) (Polyox WSR N60K-LEO, Dow Chemical, Lot# 2J0155S5M4),
and magnesium stearate (MgSt) 2256 (Macron Chemicals, Lot # L06615) were used in this
study.
3.3.2. Tablet manufacture
Binary mixtures, 500 g batch size, containing different composition ratios of anhydrous
DCP and PEO (30, 50, and 70% w/w, PEO) were prepared. The components were weighed
and dispensed into Ziploc® bags, and to mix the contents of the bag were initially hand73

mixed for 2 min to ensure a uniform distribution of components ahead of mechanical
blending. Then the contents in the bag were placed in a 1 qt twin-shell blender (Patterson
Kelly, East Stroudsburg, PA) and mixed for 5 min. After 5 min of blending, Mg stearate
(1.0% w/w) was added to the blender, and further mixed for 2 min. Tablets with a target
weight of 325 mg (70% w/w PEO), 375 mg (50% w/w PEO), or 450 mg (30% w/w PEO)
were prepared on a rotary tablet press (Manesty Betapress, Liverpool, England), equipped
with 10 mm, standard, flat-faced, “B” tooling (Natoli, St. Charles, MO). Additionally, one
batch of tablets (containing 70% w/w PEO) was prepared using the PEO of sieve fraction
containing particles ranging from 150 to 250 µm in size. The tablets were prepared with a
low porosity (LP) (19-24%) or high porosity (HP) (26 – 28%) by adjusting the compression
force until the target solid fraction was obtained. The solid fraction was calculated by the
following equation:
𝐹𝑠 = 100 ∗ [1 − (

𝜌𝑡𝑎𝑏
)]
𝜌𝑇

(3.1)

where, Fs is the tablet solid fraction or fractional density, ρtab is the density of the tablet
and ρT is the true density of the blend. The tablets were stored 24 h before further
processing.
3.3.3. Tablet Sintering
Twenty tablets from each formulation and for each time point (840 tablets total) were
sintered for various durations (0, 10, 30, 60, 180, 540, 900 min) at 80°C. After each
sintering time point, the tablets were stored for at least 24 h at ambient conditions before
further evaluation.
3.3.4. Tablet Evaluation
Tablet thickness was measured with a spring-loaded dial micrometer (Model# 2414S,
Mitutoyo, IL, US). Tablet volume was calculated by the following:
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𝑉𝑇𝑎𝑏 = 𝜋𝑑 2𝑇𝑎𝑏

ℎ𝑇𝑎𝑏
4

(3.2)

Where, VTab is the tablet volume, dTab is the tablet diameter and hTab is the tablet height
after sintering. The tablet density was then determined by dividing tablet weight, WTab, by
its calculated volume, VTab.
𝐷𝑇𝑎𝑏 =

𝑊𝑇𝑎𝑏
𝑉𝑇𝑎𝑏

(3.3)

Percent expansion (swelling) of the tablet was calculated as:
ℎ𝐴𝑆 − ℎ𝐵𝑆
% 𝐸𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛 = 100 ∗ (
)
ℎ𝐵𝑆

(3.4)

Where hAS is the height of the tablet after sintering and hBS is the height of the tablet before
sintering. Grain growth occurs when two particles come together during sintering. A neck
forms between the two particles called the grain boundary (Randal M. German, 1996). The
sintering process depends on how particles move to grow the neck, and the ratio of the neck
diameter to the individual particle radius provides a good indicator of the sintering process.
The neck size ratio was assessed assuming a spherical model, and was estimated with the
fractional density as follows:
𝑋

1 1

𝐹

= 4[1 − ( 𝐹𝐺 )3 ]2
𝐷
𝑆

(3.5)

where, X is an approximated diameter of the contact area, D is an approximated diameter
of the particle, Fs is the fractional density of the tablet after sintering, and FG is the fractional
density of the tablet before sintering (Figure 3.1) (Randal M. German, 1996).
3.3.5. True density
The particle densities of the three blends were measured with a helium pycnometer
(AccuPyc 1330, Micromeritics®, Norcross, Georgia) using the method specified in the USP
37 general chapter <699>. The particle densities were measured as the average of three
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replicates (5 repetitive purge cycles for each sample), and were used in the calculation of
compression parameters to obtain the desired tablet solid fraction.
3.3.6. Scanning electron microscopy (SEM)
The SEM images of the non-sintered and sintered (900 min) tablets (30, 50, 70% w/w PEO)
were obtained to observe any physical, microstructural changes that may have occurred as
a result of sintering. Each tablet was cut in half with diagonal pliers and each half was
placed on a brass stub. The tablet surface was coated with a thin layer of palladium using
a sputter coater (Model: EMS 150T ES, Electron Microscopy Sciences, Hatfield, PA). The
palladium coated samples were observed using a Scanning Electron Microscope (Quanta
200, FEI, Hillsboro, OR, USA) equipped with a digital camera, at 5 KV accelerating
voltage.
3.3.7. Tablet tensile strength
Fifteen tablets from each formulation set (formulation and process variables) were tested
for breaking force on a hardness tester (Model HNT-300, Key Instruments, Englishtown,
NJ, US). The recorded value was measured in Kilopond (KP), and later converted to tablet
tensile strength (KN/cm2) (Fell & Newton, 1970). Sintered strength was correlated with
fractional density as follows:
𝜎𝑇 = 𝜎𝑜 𝐾𝐹𝑠𝑚

(3.6)

where σT is the strength, σo is the initial strength before sintering, K is a geometric and
processing constant similar to a stress concentration factor, m gives the exponential
dependence on density, and Fs is the fractional density with both K and m influenced by
pore morphology (Randal M. German, 1996).
3.3.8. Viscosity
Dilute aqueous solutions of PEO (0.25% w/w) were prepared from the low solid fraction
tablets (30, 50, 70% w/w PEO), sintered at 0, 60, 180, 540, and 900 min, and the viscosity
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of this solution was measured to assess whether degradation of PEO occurred during
sintering. A 0.25% w/w solution was chosen as this concentration was dilute enough to
exhibit a Newtonian behavior, and also allowed for sufficient mixing of PEO with the
available equipment. Each tablet was ground to a powder using a rotary tool (7,500 RPM,
setting 2) (MultiPro 7.2 V Model #770, DREMEL, Mount Prospect, IL) equipped with a
240 grit 0.24 in diameter sand drum (B00C050TWC, TEMO). The weight of the ground
tablet was measured, and the weight of PEO in the ground tablet was calculated as follows:
𝑊𝑃𝐸𝑂 = 𝑊𝑐 ∗ 𝑋𝑃𝐸𝑂

(3.7)

Where, WPEO is the weight of PEO in the sample, WC is the weight of the comminuted
tablet and XPEO (w/w %) is the composition of PEO in the tablet.
The total amount of water added was calculated by dividing WPEO by 0.25, the target
solution concentration. The ground tablet powder was slowly added to the stirring water
and allowed to mix for two hours. The solution was centrifuged at 3,486 g (Model# Avanti
J-20 XPI, Beckman Coulter, Indianapolis, IN) for 4 h at 20°C. After centrifugation, the
supernatant was collected and filtered through a cotton ball filter in a glass pipette. The
filtered solution was then evaluated for viscosity using a cone and plate rheometer (DVIII
Ultra, Brookfield Ametek, Middleboro, MA) equipped with a cone spindle (CPA-40Z,
Brookfield Ametek, Middleboro, MA). The rheometer was calibrated using a standard
reference solution (B29, Lot#15101, Brookfield Ametek, Middleboro, MA). A hysteresis
curve was generated by collecting measurements from 51 to 241 rpm, then from 241 to 51
RPM with a 10 RPM step. A 20 s hold time before each measurement was used at each
speed before the measurement was collected.
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3.3.9. Thermal analysis
The samples for thermal analysis were prepared by grinding tablets with a rotary tool
(7,500 RPM, setting 2) (MultiPro 7.2 V Model #770, DREMEL, Mount Prospect, IL)
equipped with a sand drum (240 grit, 0.24 inch diameter, B00C050TWC, TEMO).
Differential scanning calorimetry (DSC) (Model Q20, TA Instruments) was used to
measure changes in the melting point and crystallinity of PEO. The enthalpy of each sample
was calculated by integrating the endothermic event between 60 to 70°C using the software
(Universal Analysis 2000, v. 4.5, TA Instruments, New Castle, DE). From this data the
percent crystallinity of PEO in the samples was calculated using the equation 3.7 shown
below:
% 𝐶 = 𝛥𝐻/∆𝐻0

(3.8)

Where, ΔH0 (203 J/g) is the heat of formation for PEO (Afifi-Effat & Hay, 1972; Kiss et
al., 2006). The crystallinity is calculated by dividing the normalized PEO sample enthalpy
(ΔH) by the heat of formation, (ΔH0).
3.3.10. Tablet x-ray diffractometry
The changes in PEO crystallinity as a function of sintering was analyzed by obtaining the
diffraction patterns of the whole tablet using Cu Kα radiation source in Bragg-Brentano
diffractometer (D8 Advanced, Bruker Inc., Madison, WI, USA) equipped with incident
beam Soller slits, Ni β-filter, and a LynxEyeTM position sensitive detector. Data were
collected from 10 to 70º 2θ, with a step size of 0.02º, and a counting time of 1 s per step.
One tablet for each sintering time point (0, 10, 30, 60, 180, 540 and 900 min) was measured
from the 70% w/w PEO, high solid fraction, tablet set.
3.3.11. Mercury porosimetry
The mercury porosimetry analysis technique is based on the intrusion of mercury into a
porous structure under controlled pressures. From the pressure versus intrusion data, the
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instrument generates volume and size distributions using the Washburn equation (Equation
3.8):
1
𝐷 = ( ) 4𝛾 𝑐𝑜𝑠𝜑
𝑝

(3.9)

Where, D is the pore diameter, p is the applied pressure, γ the surface tension of mercury
and φ the contact angle between the mercury and the sample. Since mercury does not wet
most substances and will not spontaneously penetrate pores by capillary action, it must be
forced into the pores by the application of external pressure. The required pressure is
inversely proportional to the size of the pores, only slight pressure being required to intrude
mercury into large macro-pores, whereas much greater pressures are required to force
mercury into micropores. Mercury porosimetry (AutoPore Model No. 9600, Micromeritics
Inc., Norcross, GA) was used to measure the porosity and pore diameter of one tablet (70%
w/w, PEO) of both the low and high solid fraction, for each sintered time point (0, 10, 30,
60, 180, 540 and 900 min). The porosity and pore diameter were also obtained for one
tablet (30 and 50% w/w PEO) of high solid fraction sintered at the 0, 10, 30, 60, 180, 540
and 900 min time points.
3.3.12. Surface area
Surface Area is a measure of the gas exposed surface of a solid sample on the molecular
scale. The Brunauer-Emmet-Teller (BET) theory describes the physical adsorption of gas
molecules on a solid surface, and the technique is commonly used for the measurement of
the specific surface area of materials:
𝑃
1
𝑃
= ( )( )
𝑉𝑎 (𝑃0 − 𝑃)
𝑉𝑚 𝑃0

(3.10)

Where, P is pressure, Va is the quantity of gas adsorbed, P0 is the saturation pressure of the
gas, and Vm is the amount of gas adsorbed in the first monolayer. Surface area of the
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prepared tablets was measured using a physisorption and chemisorption instrumentation
(3Flex, Model #3500, Micromeritics, Norcross, GA). Surface area was measured for a
single tablet (70% w/w PEO) with a high porosity, and sintered at 0, 10,30, 60, 900 min
intervals, and a single tablet (70% w/w PEO) with a low porosity and sintered at 0, 30, 60,
180, 540, 900 min. The test samples were prepared by storing under vacuum for 16 h to
remove any surface impurities. The prepared samples were then cooled with liquid
nitrogen, and analyzed by measuring the volume of krypton gas adsorbed at specific
pressures. These data were then plotted to generate an isotherm.
The kinetics of surface area loss are shown as ΔS/So where ΔS is the change in
surface area divided by the non-sintered surface area, So with time where the relation:
(

∆𝑆 𝑉
) = 𝐶𝑆 𝑡
𝑆𝑂

(3.11)

exists and Cs is a kinetic constant that includes mass transports and other parameters related
to the sintering process, t is sintering time and V is approximately n/2 where n is related to
the mechanism of mass transport during sintering (Randal M. German, 1996).
3.3.13. Transmission Raman Spectroscopy
Transmission Raman spectroscopy (Model# TRS 100, Cobalt Light Systems, Abingdon,
OX, UK) with 785 nm excitation wavelength was used to assess changes in PEO
crystallinity that may have occurred during sintering. Fifteen tablets for each sintered time
point were placed on a tablet tray with 10 mm diameter slots. A 650 mW power was used
with an 8 mm spot size, and a 1 s acquisition time. Each tablet was scanned 3 times.
Principal component analysis was conducted using MATLAB® and the associated PLS
Toolbox, v 8.2 (v. R2016a, The MathWorks, Inc., Natick, MA) by first averaging the three
spectra, then applying the pre-processing conditions in the following order: Savitzky-
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Golay smoothing, normalization, Whitaker filter, and mean centering. Two principal
components were selected for the model.
3.3.14. Study design and Analysis
PEO composition (30, 50, 70% w/w PEO), tablet porosity (26-28% & 19%-24%), and
sintering time at 80°C (0, 10, 30, 60, 180, 540, 900 min) were selected as independent
variables. An additional independent variable used was in a formulation containing 70%
w/w PEO, where a sieve fraction (60-100 mesh) of PEO was used. The dependent variables
were tensile strength, pore diameter, and surface area of the tablet, as well as the viscosity
and crystallinity of PEO. A two-way ANOVA p-value was used to assess the influence of
PEO composition, tablet solid fraction, and sintering duration on tensile strength and
solution viscosity.
3.4. Results
An in-depth tablet microstructural characterization was conducted to understand the
influence of initial tablet porosity, PEO composition, PEO particle size, and sintering
duration on the tensile strength of tablets. The tensile strength and PEO stability after
sintering viz. viscosity were considered key abuse deterrent properties of the prepared
tablets. An overview of PEO sintering is presented where the effect of both tablet expansion
and particle coarsening were influenced greatly by the initial tablet porosity before
sintering. This combination of changes yielded complex microstructure changes which
resulted in increased tablet porosity, pore diameter, and grain size that also resulted in
increases in tablet strength. Further, decreases in polymer crystallinity may be related to
improved ductile characteristics of the PEO placebo tablets also contributing to the overall
tablet strength.
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3.4.1. Tablet characterization
3.4.1.1. Neck size ratio
The neck size ratio represents the growth of the particle-particle contact area to the
individual particle diameter. The ratio is used as a monitor of grain growth, or PEO-PEO
contact formation, during the sintering process (Randal M. German, 1996). As sintering
progresses, the contact area, or neck size, between the two particles continues to grow
(Figure 3.1). The neck size ratio was calculated using Equation 3.4. The results of the
influence of initial tablet porosity, PEO particle size, and PEO composition on neck size
ratio is shown in Figure 3.2. In this study’s PEO-DCP tablet system, it was observed that,
for all the tested variables, major changes in the neck size ratio occurred within the first 10
min of sintering. Beyond 10 min, additional sintering time did not influence the neck size
ratio significantly meaning prolonged sintering time does not increase new grain growth.

Figure 3.1: Diagram of neck size growth (X/D) during sintering. D is the
individual particle diameter and X is the interface of the particle – particle
contact point.

A comparison of the effect of sintering time on neck size ratios for high and low
tablet solid fraction and for a narrow PEO particle size distribution (150 to 250 μm) for
70% w/w PEO tablets is shown in Figure 3.2A. The low and high initial porosity tablets
used standard grade PEO (designated with a particle size range between 40 to 400 μm).
The narrow PEO particle size distribution produced the smallest neck size ratio followed
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by the low porosity tablets then the high porosity tablets. Neck size ratio was also affected
by PEO composition. Neck size ratio was found to increase with increasing PEO
composition (30-70 %w/w) in the prepared tablets, for both low initial porosity (Figure
3.2B) and high initial porosity tablets (Figure 3.2C).

Figure 3.2: Neck Size Ratio comparisons.The overlay of neck size
ratio versus sinter time for compacts with high initial porosity
(HP), low porosity (LP), and small particle size (SPS) distribution
of 70% PEO composition (A). Overlays of the X/D ratio with
sintering time is shown for 70%, 50%, 30% PEO composition
tablets for low initial porosity (B) and high initial porosity (C).
Sample size is for N=25.
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3.4.1.2. Surface area
As new particle contacts form and grain growth evolves, a loss in surface area is expected
(Randal M. German, 1996). For PEO-DCP tablets, sintering resulted in progressive loss of
surface area for the tablet as measured by physisorption. Once neck size increased the
newly formed particles coarsen resulting in the overall loss of surface area. The results of
the influence of sintering time on the surface area for initial porosity are shown in Figure
3.3. Figure 3.3A shows a comparison of the influence of sintering time on the surface area
between the low- and high-porosity compacts (containing 70% w/w PEO). Overall, the
surface area decreased with increased sintering time, irrespective of the initial porosity.
The greatest decline in surface area occurred within the first 10 min, irrespective of the
initial porosity.
The influence of initial tablet porosity on the sintering mechanism was further
assessed by fitting the parameters in equation 3.10, and the results are plotted in Figure
3.3B. The fitted equation parameters (Table 3.1) yielded a value of n =14 for the high
porosity compacts, and n =10 for the low porosity compacts (Rockland, 1967).

B

A

Figure 3.3: Surface Area decrease (A) and log-log relationship of sinter time to surface area (B)
for tablets compacted with 70% w/w PEO at high porosity (HP) and low porosity (LP). Sample
size is N=1
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Table 3.1: The kinetic equation of surface area loss for 70 w/w% PEO, high and low
porosity samples, and the resulting value for mass transport, v, determined using
equation 3.10

70HP (Δ)

70LP (□)

Equation: Y = 0.14x - 0.64 Y = 0.21x - 0.82
R2

0.99

0.99

v

14

9

3.4.1.3. Porosity
We were interested in how the pore structure of the tablet evolves as surface area decreases
in response to sintering. The tablet porosity has been correlated with the tablet tensile
strength for brittle, plastic, and viscoelastic materials (Tye, Sun, & Amidon, 2005).
Therefore, understanding the pore structure evolution of the tablets as a function of
sintering time can provide information about the influence of sintering on tablet strength.
The pore diameter and porosity were assessed by mercury porosimetry (Figure 3.4).
Generally, the tablet porosity increased during the first 30 min of sintering, then decreased
up to 60 min, after which it plateaued. Changes in tablet porosity with the duration of
sintering were similar regardless of initial tablet porosity (Figure 3.4A). When comparing
PEO compositions, all tablets regardless of PEO content (30, 50 and 70% w/w) exhibited
an overall increase in tablet porosity within the first 60 min of sintering (Figure 3.4 4B).
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A

B

C

D

Figure 3.4: Pore diameter (A) and percent Porosity (B) data obtained by mercury
porosimetry Data shown is for 70% PEO tablets compacted at high (70HP) and low
(70LP) initial porosity, 50% PEO high porosity (50HP) and 30% high porosity (30HP).
Sample size is for N=1.
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Pore diameter increased with sintering duration in terms of PEO composition and
initial tablet porosity (Figure 3.4C and D), respectively. Specifically, the increases were
observed to occur in the first 60 min which indicates that the coarsening stage of the newly
form PEO-PEO particles occurs rapidly. Interestingly, the tablets with low initial porosity
and 70% w/w PEO (Figure 3.4D) exhibited a similar trend in pore diameter changes with
sintering duration as the high porosity tablets containing 50% w/w PEO (Figure 3.4C).
Also, while the percent porosity changed with sintering time for the 30% w/w, high
porosity tablets (Figure 3.4B), the overall pore diameter remained the same with sintering
time (Figure 3.4C).
3.4.1.4. Density and expansion
Tablet density was calculated using Equation 3.2. Overall, the density of the samples, from
all variables evaluated decreased with sintering duration (Figure 3.5). As expected, the
density is rank ordered by PEO composition with 30% w/w PEO tablets having the highest
density due to the higher DCP content (DCP is denser than PEO). The decrease in the
observed densities indicates that PEO in the tablets expanded as a function of sintering,
resulting in axial expansion.

Figure 3.5: Density vs Sinter Time.Density values obtained by
direct measurement of mass and calculated volume. Values
shown for up to 60 minutes of sintering. Sample size is for
N=25.
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The decreased tablet density was confirmed by calculating the percent axial
expansion of the tablet using Equation 3.3. For all three compositions and both initial tablet
porosities, tablet axial expansion was significant, see Figure 3.6. The greatest amount of
axial expansion occurred at the 10 min and 30 min sintering time points for all three
compositions, and the tablet expansion plateaued at 60 min. Overall, high initial tablet
porosity exhibited greater axial expansion than low porosity tablets for all compositions of
PEO, 70% w/w PEO (Figure 3.6A), 50% w/w PEO (Figure 3.6B), and 30% w/w PEO
(Figure 3.6C). Finally, the higher the PEO content in the tablet the greater the tablet axial
expansion with 70 % PEO, high porosity tablets resulting in a 40% increase in tablet axial
expansion.
A

B

C

Figure 3.6: Percent tablet expansion. Comparison between initial table porosity of
percent expansion obtained by direct measurement for 70% w/w PEO (A), 50% w/w
(B), and 30% w/w (C). Sample size for n=25.
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3.4.1.5. Mechanical response due to sintering – tensile strength
The strength of the tablets was measured using a traditional hardness tester and the values
were normalized to tensile strength (Fell & Newton, 1970). The relationship of PEO
composition to fractional density on tensile strength was assessed using Equation 3.5,
(Figure 3.7). Overall, tablet strength increased with high PEO content tablets (70% w/w).
The dependency of fractional density on tablet strength was assessed by calculating the fit
parameter, m, using Equation 3.5. The larger the value m, the greater the dependency of
tablet strength on fractional density. Table 3.2 shows that the 50 and 70% w/w PEO tablets
exhibit similar m values of m = 8 and m = 10, respectively. However, a much higher m =
15 value was calculated for the 30% w/w PEO tablets.

Figure 3.7: Relationship between tensile strength, fractional
density and PEO composition. Each data point is represented
by an average value for N=15 for each time point and porosity
level.
Table 3.2: Fit parameters for tensile strength vs fractional density
Fit
Parameters
m
ln(K*σo)
R2

70%
PEO
8
6
0.84

50%
PEO
10
7
0.79
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30%PEO
15
8
0.99

3.4.2. Thermal analysis and crystallinity
The percent crystallinity was determined using differential scanning calorimetry (DSC).
Each endothermic event was integrated to determine the enthalpy. Crystallinity was then
calculated using Equation 3.7. DSC showed a distinct shift in melting point peak for 30,
50, 70% w/w PEO samples for both high and low initial porosity compacts; this shift occurs
from the 0 min to the 10 min sintering time points (Appendix A: 3.8.2). The melting point
peak did not shift further after 10 min of sintering. It was further observed that the PEO
crystallinity decreased with increased sintering duration (Table 3.3). The change in
crystallinity was confirmed by x-ray diffraction (Figure 3.8) where clear differences in
peak intensity at 19 2θ with respect to sintering duration were observed for the 70% PEO
low porosity tablets. In addition, the initial PEO crystallinity was lowest for tablets
compacted at low porosity compared to that of high porosity tablets. The overall changes
in crystallinity with sintering were not as great for the low porosity tablets as that observed
with high porosity tablets.

Figure 3.8: X-Ray diffraction of polyethylene oxide in the
70% PEO low initial porosity tablets for 0, 10, 30, 60, 10,
540, 900 min sinter duration. Sample size of n=1.
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Table 3.3: The percent crystallinity of PEO, calculated from Equation 3.7, with sinter
time determined by DSC.
High Porosity
Sinter Time
(min)
0
10
30
60
180
540
900

Low Porosity

30% PEO 50% PEO 70% PEO 30% PEO 50% PEO 70% PEO
99
64
73
76
75
71
81

90
74
71
73
79
72
73

69
72
70
58
64
64
60

69
73
74
47
40
67
60

64
70
56
55
59
58
53

55
49
47
57
50
53
51

3.4.2.1. Scanning electron microscopy imaging
Images of a cross section and surface morphologies of the tablets (containing 70% w/w
PEO) compacted with high porosity in the non-sintered state and after 900 min of sintering
were collected using scanning electron microscopy, see Figure 3.9. Tablets sintered for 900
min showed a considerable number of cracks and voids. The surface of the tablet in the
non-sintered state is smooth with some pores (Figure 3.9A). After 900 min of sintering,
major cracks and pores formed on the surface of the tablet (Figure 3.9B). The cross sections
of the tablet also demonstrate progression of pore and crack formation due to sintering as
evident for the non-sintered cross-section (Figure 3.9C) and for the tablet sintered for 900
min (Figure 3.9D). These images are consistent with images obtained for the tablets
containing 30% or 50% w/w PEO.
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A

B

Figure 3.9: SEM images for 70% high initial porosity tablets. The cross section is presented
for 15 h sintered(A) and for the non-sintered (B) is shown as well as the surface area of the
15 h sintered tablet (C) and for the non-sintered state in (D).

92

3.4.2.2. Raman Spectroscopy
The raw spectra for the high porosity, 70% w/w PEO tablets, shown in Figure 3.10A-B,
exhibit distinct and sharp peaks. The peak assignments for polyethylene oxide have been
well characterized and understood by Yoshihara et al (Yoshihara, Tadokoro, & Murahashi,
1964). The longitudinal acoustic mode (LAM) band reveals information about the
crystallinity and polymer conformation. The Raman shift at 363 cm-1 broadens as a
function crystallinity and reveals information about the polymer crystallinity without
interference from the amorphous region (Yoshihara et al., 1964). The peak at 843 cm-1 is
complex but reveals information about the trans/gauche conformation of the polymer
(Yoshihara et al., 1964). Both these bands show changes in peak intensity and peak width
dependent on sintering time employed. Specifically, in the 843 to 800 cm-1 (Figure 3.10B)
region, there is a noticeable shoulder growth, or peak broadening, that occurs around 810
cm-1 from the non-sintered tablets to that of the sintered tablets.
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A

B

C

D

Figure 3.10: Raw transmission Raman spectra for sintered the average spectra of each time
point for each PEO composition (30, 50, 70 w/w%) for the high porosity tablets (A) with a
zoom in on the 843 cm-1 region (B) and for the average spectra for each PEO composition
(30, 50, 70 w/w%) for the low porosity tablets (C) with a zoom in on the 843 cm-1 region of
the spectra (D).
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The raw spectra for the low porosity tablets (Figure 3.10C-D) was similar to the high
porosity tablets (Figure 3.10A-B). However, the Raman shift at 810 cm-1 did not exhibit
sintering-induced peak broadening as seen in the sintered low porosity tablets low porosity
tablets. The principal component analysis (PCA) further confirms the peak broadening
observation (Figure 3.11). A strong correlation on PCA scores 1 to the solid fraction exists
based on the clear clustering of high porosity tablets in the right quadrant and the clustering
of low porosity tablets on the left quadrant (Figure 3.11) In addition, using the legend, there
is a correlation on PCA scores 2 to the duration of sintering. Noticeably, the non-sintered
tablets cluster on the lower half of the graph with the tablets sintered for longer periods of
time clustering near the top of the plot (Figure 3.11). Further, the non-sintered low porosity
tablets fall along the same axis as the T=10 min for the high porosity tablets. This
observation confirms that more tablet microstructural changes are occurring in the high
porosity tablets from the non-sintered to sintered state as compared to the low porosity
tablets that experience less change from each state.

Figure 3.11: Principal component analysis of sintered high
and low initial porosity tablets for 70% w/w PEO tablets.
n=15 for each class set
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3.4.3. Characterization of abuse deterrent properties
3.4.3.1. Viscosity
Viscosity of the sintered tablets was measured using a cone and plate rheometer. Viscosity
was measured to ensure the PEO polymer did not decompose during sintering.
Decomposition of the polymer under sintering could affect the ability of PEO to form a
viscous gel as intended, if the product is used inappropriately. PEO is known to degrade
by thermal decomposition and rheology can detect if thermal treatment caused this to
happen by assessing the change in shear stress over a series of shear rates. Figure 3.12
shows the shear stress curves for the high porosity samples with 70% (Figure 3.12A), 50%
(Figure 3.12B), and 30% (Figure 3.12C) w/w PEO composition that were sintered at 0, 60,
180, 540, 900 min. The curves were linear and no hysteresis was observed, indicating
Newtonian behavior at a low concentration of PEO. As can be seen in the curves no
differentiation exists between the different heat treatments or the polymer composition.
Significance testing at the lowest shear rate of 360s-1 shows no significant differences
between PEO compositions (Ρ = 0.6171), or sintering durations (Ρ = 0.0616).
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Figure 3.12: Viscosity of sintered tablets for the high
porosity tablet set. 70% PEO tablets (A), 50% PEO tablets
(B), and 30% PEO tablets (C) are shown as sample size n=3.
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3.4.3.2. Tensile strength
The force required to break a tablet by diametrical compression normalized by the
individual tablet dimensions provides a measure of tensile strength (Fell & Newton, 1970).
Certain abuse deterrent formulations are designed to make it more difficult to break, grind
or crush the tablet by incorporation of ductile polymers, such as PEO. For these systems,
it is challenging to use traditional hardness testers to determine the tensile strength of the
tablet. This is mainly because the polymer, PEO, exhibits ductile behavior and the tablet
will plastically deform before fracturing or breaking (Appendix A3.8.4). In the current
study, DCP was chosen as a filler because it is inert and sufficiently brittle to allow the
tablets to be broken by traditional hardness testing. However, as can be seen in Figure 3.13,
changing factors such as narrowing the particle size distribution of PEO (Figure 3.13A)
and decreasing the initial porosity of the tablet (Figure 3.13C) influenced the precision of
measurement, and the extent to which the instrument can be used. The precision of
measurement is reflected in the increased variability observed for the tablets with low
initial porosity and narrow particle size distribution. In the case of the tablets comprised of
narrow particle size distribution of PEO, the breaking force could not be measured on the
hardness tester beyond the 0 min time point as the strength of the tablets exceeded the
maximum limit of the instrument (300 N). Therefore, for these tablets, when sintered for
10, 30, 60, 180, 540, or 900 min, the breaking force could not be measured.
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A

C

B

Figure 3.13: Tensile strength increase due to sintering. Comparison of 70% PEO
tablets at 0 h (A) for small particle size (SPS) PEO, low porosity (LP) PEO, and high
porosity (HP) PEO tablets. Tensile strength for high porosity data set (B) and low
porosity data set (C), Tensile Strength comparisons (n=15).

We have provided information relative to how changes in initial porosity or PEO
particle size can affect the influence of sintering process on the mechanical response of the
tablets (Figure 3.13). It was found that for high and low porosity tablets, the PEO
composition and sintering time were found to be highly significant variables for tensile
strength, both exhibiting Ρ < 0.0001. It was also determined that the initial tablet porosity
level was considered significant for the tensile strength of 70% w/w PEO tablets (Ρ <
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0.0044), 50% w/w PEO tablets (Ρ < 0.0075) and 30% w/w PEO composition (Ρ < 0.0028).
The tablets prepared using PEO fraction with a narrow particle size distribution exhibited
a significant increase in tablet strength. Figure 3.13A shows that tensile strength increased
two-fold from the low porosity tablets when tablets were made with the smaller PEO mean
particle size at 70% PEO composition. The porosity level of the narrow particle size PEO
tablets was in between the low and high porosity tablets. This significant increase in tablet
tensile strength is therefore even more interesting as the particle size of PEO appears to
have a significant affect in not only the tablet strength in the non-sintered state but also
when sintered.
For the high porosity tablets (Figure 3.13B) it was observed that non-sintered
tablets containing 30% w/w PEO had the greatest tensile strength, followed by those
containing 50% w/w PEO, and 70% w/w PEO. Sintering for 10 min reversed this trend,
where it was observed that tablets containing 70% w/w PEO had the greatest breaking
strength, followed by those containing 50% w/w and 30% w/w PEO. The 70% w/w PEO
formulation exhibited an increase in tablet tensile strength with increasing sintering
duration. The 50% w/w PEO tablets exhibited a similar trend but it was not as pronounced
as the 70% w/w PEO formulation. After 60 min of sintering a plateau in tensile strength
was observed. For the 30% w/w tablets a decrease in strength occurred for the first 180 min
with insignificant increases in strength occurring after 540 min of sintering, only achieving
a 7% increase in overall strength by 900 min. In contrast, the 30% w/w PEO, low porosity
tablets experienced a 70% increase in tablet strength by 900 min. Tablets prepared with
low initial porosity exhibited greater tensile strength after sintering (Figure 3.13C). For the
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low porosity tablets, the tensile strength increased for tablets of all PEO compositions (30,
50, 70% w/w/ PEO) after 10 min of sintering.
3.5. Discussion
The main goal of this present study was to understand the influence of sintering on the
microstructure of PEO tablets, and the effect of these microstructural changes on the
performance of the tablet with respect to its abuse deterrent properties such as tensile
strength and viscosity. The changes in tablet height, surface area, pore diameter, tablet
porosity, PEO crystallinity, and PEO-PEO contact neck size growth were evaluated as a
function of sintering duration. The changes in tablet hardness with respect to sinter time
was then evaluated and related to the tablet physical changes that occur.
As mentioned in the results section, the neck size grew during the first 10 min of
sintering for all the formulation variables studied (Figure 3.2). This demonstrates that the
new PEO-PEO contacts experience rapid grain growth early on during sintering, followed
by coalescence, or coarsening, of the grain occurring shortly after. The degree of neck size
ratio growth was not as large for low tablet porosity. This may be because the high density
of the tablet prevented easy PEO particle movement and grain expansion which limited the
neck size ratio growth of newly formed PEO-PEO particles (Figure 3.2A). In terms of PEO
composition, the higher composition of PEO in the tablet may allow for more polymerpolymer contact points, facilitating the larger neck size ratios observed for higher PEO
concentration tablets (Figure 3.2B and C).
As the neck size ratio of the newly formed PEO-PEO particles grow and coarsen
the loss in surface area is expected and shown (Figure 3.3A). This result implies that the
initial porosity of the tablets can have a strong influence on how sintering progresses. The
log-log transformation of the surface area change for 70 w/w% PEO tablets, both high and
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low porosity, provides information on the sintering mechanism (Figure 3.3B) (Rockland,
1967). While the values calculated from equation 3.10 and shown in Table 3.1 do not fit a
discreet single mechanistic pathway, the larger v values may indicate multiple mechanisms
at play (Randal M. German, 1996). The difference in the v values indicates that the tablet
has different sintering mechanisms depending on the initial porosity of the tablet. This is
an important observation as initial tablet porosity will influence the microstructural
changes that occur. Specifically, the 70% w/w PEO, high porosity tablets exhibited large
pore diameter growth compared to the 70% w/w PEO low porosity tablets which is
unfavorable from a product quality perspective (Figure 3.3C).
Sintering of the PEO-DCP tablets resulted in a decrease in density (Figure 3.5) and
an increase in tablet height (Figure 3.6). Similar observations were made previously by our
lab, where we showed that tablets containing high PEO content exhibited sintering related
expansion, see Appendix A: 3.8.1 (Boyce et al., 2015). The initial tablet expansion agrees
well with the increase in neck/size ratio observed at the 30 min time point, indicating that
a significant amount of microstructural changes due to PEO-PEO particle growth within
the tablet occurs earlier on and longer sinter times cause the new particles to coalesce and
condense through coarsening. Further, the expansion data in Figure 3.6 indicates that
reducing the particle size distribution of PEO (Figure 3.6A), reducing the content of PEO
and/or producing tablets with low porosity may limit the degree of tablet expansion. These
observations are consistent with a previously published report by Truss et al. where
significant expansion was observed in compacts prepared with polyethylene, similar to
polyethylene oxide, indicating that this class of polymers has a tendency to expand when
heat treated (Truss, Han, Wallace, & Geil, 1980).
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Further, in this PEO-DCP system, the extent of expansion (Figure 3.6) may also be
limited by the presence of sintering inert DCP particles. Since DCP has a much higher
melting point, does not contribute to sintering at 80°C, these particles reduce the effective
volume of sintering material available in the dosage form. They exert a force resistive to
the sintering stress in the surrounding matrix that inhibits the expansion. This is observed
with the 30% w/w PEO tablets that exhibited the smallest expansion, since these tablets
had the least sintering material available and the highest inert phase present in the matrix
(Figure 3.6C). Yan et al. also observed that rigid non-sintering agents can retard the
densification of a given ceramic or metal composite matrix (Yan, Martin, Guillon, &
Bouvard, 2013). They discovered the volume fraction and size distribution of the inert nonsintering agent had the most effect on retarding the densification of the matrix where poor
dispersion of the inert filler only minimally effected compact densification.
The SEM images obtained indicate that sintering of the PEO tablets caused an
increase in pores, cracks and fissures (Figure 3.9). The increase in tablet porosity and pore
diameter (Figure 3.4) was confirmed using mercury porosimetry. There was a significant
increase in tablet porosity as a function of sintering duration in the tablets with high initial
porosity and high PEO content (70% w/w). This increase in pore diameter may have
occurred due to increased polymer contact points and coalescence resulting in larger void
spaces due to the rearrangement of the polymer (Figure 3.4C-D). Lowering the initial
porosity in the tablet can reduce pore diameter growth during sintering significantly (Figure
3.4D). Further, the lower tablet porosity may have prevented initial packing defects that
can cause the large increases in pore diameter (Randal M. German, 1996). Increase in
porosity due to sintering was also noted by Rowe et al when they sintered potassium
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chloride with vinyl acetate/vinyl chloride copolymer (Rowe, Elworthy, & Ganderton,
1973). They suggested the increase in porosity was due to the expansion of the tablets.
However, as we have shown, tablet expansion can be limited by controlling the initial solid
fraction of the tablet. While tensile strength is shown to still increase with increased pore
diameter it is desirable to limit pore diameter growth where increased porosity and pore
diameter could adversely affect the disintegration and dissolution of active drug from
extended release matrix tablets.
The observation of cracks and fissures in a compact have been attributed by other
authors to be caused by polymer melting and fusion (Ziyaur Rahman et al., 2016). While
thermal treatment induced polymer melting and fusion could contribute to cracks and
fissures, it may be an oversimplification to assign this as a sole factor. There may be
additional reasons for cracks and fissures to occur. In this current study, for e.g. the inert
DCP could cause thermal treatment induced localized stresses that promote the cracks and
fissures. This may have occurred in the 30 and 50% w/w PEO high porosity tablets and
explain why these tablets exhibited an initial decrease (Figure 3.13B) in tablet strength with
shorter sintering durations. Moreover, if a non-sintering agent, the API or other inactive
fillers, exhibits a high solubility in the sintering matrix, the probability of axial expansion
is very high. However, since PEO does not actually exhibit a true liquid state, this
explanation is least probable. Finally, as observed in this study, the sintering of PEO occurs
rapidly, within 10 min, and completes in 60 min. Sintering forces the newly formed PEOPEO particles to coarsen. As the newly formed particles coarsen, smaller inter-particle
voids are expanded. This seems to be the most likely explanation while the addition of the
inert filler could also contribute to the cracks and fissures. The goal of a formulator utilizing
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the sintering strategy should be to prevent the formation of cracks and fissures that may
occur in the sintering process. We have shown that reducing the initial tablet porosity and
or the percentage of PEO in the formulation can accomplish this (Figure 3.4).
Although an increase in tablet porosity and pore diameter are observed (Figure 3.4),
the tensile strength of the tablets for both porosity levels, and all PEO contents (30% w/w,
50% w/w, 70% w/w) increased with increased sintering duration (Figure 3.13). This
observation may be counterintuitive to work done that shows a strong correlation between
tablet porosity and tablet hardness (Donoso, Kildsig, & Ghaly, 2003; Kirsch & Drennen,
1999; Tye et al., 2005). However, the porosity changes that occur due to sintering should
be thought of differently from porosity controlled by compaction force. It can be
hypothesized that the polymer is like mortar for a brick wall. The mortar starts out as a
non-porous liquid and on curing and hardening to cement forms pockets of pores in the
dried cement while still creating a strong bond between bricks. We have shown, however,
that tablet strength due to sintering can be dependent on tablet porosity at low levels of
PEO content (30% w/w) (Figure 3.7). This is useful, because if a formulation cannot
support high PEO content, decreasing the initial percent porosity of the tablet can still
effectively improve tablet strength. It is clear, though, that the higher the percentage of
PEO in the tablet, the greater the strength of the tablet with less dependence on tablet
porosity.
The final microstructure of the tablet and therefore the strength of the tablet is
dependent upon many factors, both formulation and manufacturing related. It was reported
previously that when 50% w/w or more of other fillers and components are added to a
PEO-based dosage form, the desired CQA such as tensile strength is adversely affected (Z.
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Rahman et al., 2017). The authors claimed that PEO solely is implied in the increase in
tablet hardness for the dosage form. While our data agrees with the assessment that when
sintering at 80°C a minimum of 50% w/w PEO (or 30% w/w PEO with low initial porosity)
is needed to see a significant change in strength from non-sintered to sintered state, PEO
may not be the only factor that contributes to this effect. For instance, other polymers and
excipients that are added to the dosage form that can also sinter at the same temperature as
PEO can affect the CQA whether the effects are synergistic or adverse. The solubility of
different components such as the API can also influence the final sintered product (Randall
M. German, 1996a, 1996b).
While overall tablet strength is important, the ductility of the polymer is also important
in terms of abuse deterrence because the ductility will prevent fine particles from being
formed if the dosage form is mechanically manipulated. Therefore, high native ductility,
the sintering-induced increased polymer ductility, or ductility due to a decrease in polymer
crystallinity could increase the tablet plastic character, which would make mechanical
manipulation more difficult. This observation is consistent with previously reported
studies where authors could change the crystallinity of a polymer by sintering to control
the mechanical properties, such as tensile strength. For instance, Feng et al. tuned the
crystallinity of Al-polytetrafluoroethene to optimize the mechanical responses of their
compacts (Bin, Xiang, Huai-Xi, Yu-Chun, & Wen, 2016). Changes in PEO crystallinity
due to sinter time observed by changes in enthalpy obtained by DSC (Table 3.3) and
confirmed with XRD (Figure 3.8). During the hardness testing the tablets that were sintered
for longer periods of time experienced more deformation indicating that the change in PEO
crystallinity may have significantly affected the plastic response of the polymer.
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In addition, we believe that during compaction, the high compression force used to
make the low porosity, high PEO content (70% w/w) tablets melted the polymer which
resulted in the crystallinity or conformation change before sintering. This effect is noted
from the peak broadening that occurred for the 70% w/w PEO low porosity tablets (Figure
3.10A) and not for the 70% w/w high porosity tablets (Figure 3.10C). This observation is
consistent with the findings of Yang et al., who also found a loss in PEO crystallinity during
compaction (Yang, Venkatesh, & Fassihi, 1996). This would also explain why the
microstructural changes observed in the low porosity tablets are not as extensive as the
changes observed for the tablets made with a high initial porosity for all PEO composition
(Appendix A: 3.8.3). This data further enhances the idea that PEO within the tablets may
have sintered under compression as well. The spectral differences visible on the principal
component analysis due to the duration of sintering of the tablets is rank ordered and more
discreet for the high porosity tablets than the low porosity tablets (Figure 3.11).
Finally, the lack of significant changes in the viscosity demonstrates that sintering the
dosage form at 80°C, even for a prolonged time periods of 900 min may not affect the
stability of PEO in the tablet (Figure 3.12). The viscous solution that forms if the dosage
form is prepared for drug extraction or parenteral administration is integral to the abuse
deterrent properties of the physical barrier dosage form. While trying to increase the
physical strength of the tablet through sintering it is important to not eliminate or adversely
affect the viscous properties of the polymer through heating induced decomposition of the
polymer.
The changes in neck size ratio, porosity, pore diameter, tablet expansion, decrease
in PEO crystallinity and decreased surface area all occur within the first 10 min of sintering
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and stabilized within 1 h of sintering. The microstructural changes are also consistent with
the tablet strength data where tablet strength increased significantly during the first 1 h of
sintering. If increasing the tensile strength of a tablet through sintering is a concern, the
presented data suggests optimal sintering conditions to include high composition of PEO
in the matrix, a low initial tablet porosity and narrower particle size distribution of PEO.
3.6. Conclusions
Polyethylene oxide induced increased tablet strength, especially when the sintering
conditions for PEO are optimized. The increased strength is useful for abuse deterrent
applications. When PEO is sintered at 80°C for 10, 30, 60, 180, 540, 900 min, the tablets
expanded in volume. However, the main mechanism of swelling appears to be coarsening
of the coalesced. PEO-PEO particles which also cause an increase in tablet pore diameter.
Lowering the tablet porosity can mitigate large unwanted increases in pore diameter.
Sintering PEO and DCP for longer than 60 min did not produce any additional
microstructural changes or significant improvements in tensile strength. Further, sintering
at 80°C did not decompose PEO even at extreme lengths of sintering time (900 min)
ensuring the ADF property of PEO remains intact. Additionally, it was shown the inherent
plastic properties of PEO can be altered by thermal treatment which caused a decrease in
PEO crystallinity resulting in increased plasticity of the PEO-DCP tablets. PEO
crystallinity decreased within the first 60 min of sintering. Finally, the combination of
increasing universal tablet tensile strength while increasing the polymer plasticity is an
important CQA that should be considered when developing a physical barrier ADF.
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3.8. Appendix A
3.8.1. HPMC and PEO Sintering Study
Table 3.4: Design for HPMC & PEO Sinter Study
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Figure 3.14: Plot of tensile strength and tablet thickness for each type of formulation employed.

3.8.2. Differential Scanning Calorimetry for Sintered PEO tablets

Figure 3.15: DSC Thermogram of Sintered 70% PEO tablets
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3.8.3. Principal Component Analysis for Transmission Raman spectra of PEO DCP
placebo tablets

70% – PEO Composition – 30%

PCA plot for 30, 50, 70% PEO tablets compressed at high and low porosity and
sintered for 0, 0.167, 0.5, 1, 3, 9, 15 h.

30%
PEO

50%
PEO

70%
PEO

High
Porosit

Low
Porosit

Low - Tablet Porosity - High
Figure 3.16: PCA plot for 30, 50, 70% PEO sintered tablets Raman Spectra
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Force kN

3.8.4. Representative stress-strain curve for 100% PEO tablet

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
4

6
8
Displacement (Δ mm)

Figure 3.17: Stress Strain curve for PEO (2E6 Mw)
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4. Physical Barrier Type Abuse-Deterrent Formulations: Monitoring SinteringInduced Microstructural Changes in Polyethylene Oxide Placebo Tablets by Near
Infrared Spectroscopy (NIR)
4.1. Introduction
Physical barrier type abuse deterrent formulations have been created to help curtail the
prescription opioid epidemic. The goal of these formulations is to prevent easy crushing,
grinding, and chewing of the tablet. Typically, these tablets are produced with plastic
polymers, such as polyethylene oxide, that are thermally treated through processes such as
sintering. Due to the plasticity of polyethylene oxide and the non-traditional manufacturing
technique, these drug products represent new challenges in terms of product quality control
testing and process monitoring. Sintering causes complex changes in the tablet
microstructural to occur and it is therefore desirable to use a technique, such as near
infrared spectroscopy (NIR), to capture these changes to monitor the process and predict
the manufacturing end-point (Boyce et al., Manuscript in Preparation). For traditional
tablets, NIR can be used to monitor both the final tablet strength in quality control testing
and be used in real time monitoring. Literature on NIR as a process analytical tool (PAT)
in the pharmaceutical industry is vast. Many of the unit operation processes can be
monitored by NIRS such as blending for blend uniformity, raw material identification,
reaction monitoring, and quality control release testing (Blanco, Alcalá, González, &
Torras, 2006; El-Hagrasy, Morris, D'Amico, Lodder, & Drennen, 2001; Heigl et al., 2007;
Howland, Fahmy, & Hoag, 2015; Kona et al., 2013; Sekulic et al., 1996; Wang, Ibrahim,
Potts, & Hoag, 2015). Quantitating tablet coating curing is a physical process similar to
sintering that NIRs has been used to monitor (Kirsch & Drennen, 1995; Tabasi, Fahmy,
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Bensley, O'Brien, & Hoag, 2008a, 2008b). However, there has been no reported application
of NIR for the monitoring of tablet sintering.
There are many variables that can be assessed during sintering such as tablet axial
expansion, density changes, pore structural changes and the tensile strength of the tablet
(Boyce et al., Manuscript in Preparation). Boyce et al., determined that the tensile strength
is one of the best variables to monitor the sintering process since the tensile strength values
had a greater response range than the other variables studied. Therefore, to monitor the
sintering process by NIR, we hypothesis that tensile strength represents the best variable
to monitor for this application. There are several reasons for this; first, the analytical
response range for the other assessment methods is small in comparison to the response
range of tensile strength. In addition, measuring the hardness values of tablets is simple
and quick and does not require costly or time-consuming methods such as mercury
porosimetry. Finally, NIR spectra of pharmaceutical tablets have been shown to be
correlated with their respective tablet tensile strength.
A wealth of literature has been published on the topic of predicting pharmaceutical
tablet strength by NIRs (Blanco & Alcalá, 2006; Donoso, Kildsig, & Ghaly, 2003; Guo,
Skinner, Harcum, Malone, & Weyer, 1999; Kirsch & Drennen, 1995; Morisseau & Rhodes,
1997; Short, Cogdill, Wildfong, Drennen, & Anderson, 2009). Drennen was the first to
demonstrate that the NIR spectral baseline could be used to predict tablet strength
(Drennen, 1991). Since then researchers that followed have investigated the utility of NIRs
to predict tablet strength in a variety of other ways. For instance, Otsuka and Yamane were
able to predict the tablet strength from the blend uniformity assay directly from the NIR
spectra of the formulation blend (Otsuka & Yamane, 2006). Later Kirsch and Drennen

120

developed an algorithm to more simply extract the spectral slope information for predicting
tablet strength (Kirsch & Drennen, 1999). This algorithm has been used by various authors
to successfully predict ribbon strength and granule particle size (Gupta, Peck, Miller, &
Morris, 2004; Soh et al., 2007),
Prediction of tablet tensile strength by NIR spectra relies on NIR sloping spectral
baseline shifts that occur with changes in tablet porosity. These baseline shifts occur
specifically at higher wavelengths, as well as with additive scatter effects on the baseline
(Blanco et al., 2006; Ciurczak, Anderson, & Drennen, 2007). Fundamentally, the sloping
baseline is a result of multiplicative light scattering effects that occur in the spectral
baseline due to changes in how the path length of light to the instrument detector is affected
by the sample surface roughness and density (Norris & Willims, 1984). Therefore,
increasing the compression force used during tableting can result in an increase in tablet
solid fraction (SF), reducing the effective free space for light to travel while increasing the
amount of material available for the light to interact with and scatter. Since the hardness of
tablets is dependent on the compaction force used, NIR can be used to regress spectral
baseline shifts to tablet tensile strength.
Like compaction, sintering alters the pore structure of the tablet. However, in
sintering the tablet pore structure is altered due to particle movement and particle growth
of the polymer particles in the tablet. We hypothesize that this change in pore structure due
to particle growth can also be directly monitored by quantitating the NIR spectral slopes of
sintered tablets. NIRs has been used to evaluate sintered pharmaceutical tablets in a handful
of studies. For instance, Dave et al. could differentiate roller compacted tablets by the
Eudragit polymer (sintering agent) used or by the temperature the tablets were sintered at
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using PCA discriminant analysis. It was also shown by Cantor et al, that sintering uncoated
cimetidine multiparticulate tablets at 50°C for 24 h resulted in a decrease in the water
absorption band at 1932 cm-1 due to evaporation of water from the sample (Cantor, Hoag,
Ellison, Khan, & Lyon, 2011).
As described above, many studies have used NIRS to assess tensile strength of
tablets and a few accounts have examined sintering as one variable in the context of
larger studies, but there have been no studies, that monitored the actual sintering process
using NIRs. Further, we propose use of the multiplicative scattering correction (MSCC)
algorithm as a new and fast way to calculate spectral slopes and intercept than what has
been presented by previous authors (Gupta et al., 2004; Kirsch & Drennen, 1999; Soh et
al., 2007). Using this algorithm, it was our goal to determine if NIRS could be a suitable
technique to evaluate the sintering process of a plastic material such as polyethylene
oxide in a pharmaceutical tablet. Further, in the current study we sought to determine if
NIRS can capture minute changes in the tablet microstructure that occur with changes in
sintering time using tensile strength as a response variable with respect to sintering time.
Finally, we compare the use of partial least squares (PLS) to alternative algorithms such
as regressing the spectral slope and spectral intercept to tensile strength to confirm NIRs
can be a suitable technique to monitor the sintering process (Kirsch & Drennen, 1999).
4.2. Materials and Methods
4.2.1. Materials
The following materials were used for this study: Polyethylene oxide (PEO) (Polyox WSR
N60K-LEO, Dow Chemical, Lot# 2J0155S5M4), Anhydrous dibasic calcium phosphate
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(DCP) (Emcompress®, JRS Pharma, Lot# 2047X), and magnesium stearate (MgSt) 2256
(Macron Chemicals, Lot # L06615).
4.2.2. Tablet Preparation
Placebo tablets were made containing a binary mixture with different ratios of PEO to
anhydrous DCP (30:70, 50:50, and 70:30% w/w, PEO:DCP). For each mixture, the batch
size was 500 g. The mixtures were transferred to bags to premix by hand for 2 min to help
ensure a uniform distribution of components ahead of mechanical blending. The contents
in the bag were then placed in a twin-shell blender (Patterson Kelly, East Stroudsburg, PA)
and blended for 5 min. Magnesium stearate (MgSt, 1.0% w/w) was then added to the
blender, and further mixed for 2 min. A rotary tablet press (Manesty Betapress, Liverpool,
England), equipped with 10 mm, standard, flat-faced, “B” tooling (Natoli, St. Charles, MO)
was used to prepare tablets with a target weight of 325 mg (70% w/w PEO), 375 mg (50%
w/w PEO), or 450 mg (30% w/w PEO). Tablets were compressed at two SF levels. For the
high solid fraction (HSF) tablet set, the tablet press was set-up to obtain 0.75 SF (30%
PEO), 0.77 SF (50% PEO) and 0.81 (70% PEO). For the low solid fraction (LSF) tablet set
the press was set up to obtain 0.73 SF (50% and 70% PEO) and 0.72 SF (30% PEO). The
SF was calculated by the following equation:
𝐹𝑠 = 100 ∗ [1 − (

𝜌𝑡𝑎𝑏
)]
𝜌𝑇

(4.1)

Where, Fs is the tablet SF or fractional density, ρtab is the density of the tablet and ρT is the
true density of the blend. The tablets were stored 24 h before further processing.
4.2.3. Tablet sintering
Fourteen tablets from each formulation were sintered for various times (10, 30, 60, 180,
540, 900 min) at 80°C. After each sintering time point, the tablets were stored for 24 h at
123

ambient conditions. The tablets were then tested for breaking force on a hardness tester
(Model HNT-300, Key Instruments, Englishtown, NJ, US).
4.2.4. Near Infrared Spectroscopy
For calibration development, 7 tablets from each sample set (3 polymer compositions, 2
SF levels and 6 sintering time points), i.e. total 252 tablets, were scanned in reflectance
mode on a bench-top near-infrared spectrometer (Metrohm NIRSystems XDS Rapid
Content Analyzer, Tampa, FL). Each sample scan was an average of 32 scans i.e.,
spectrum; absorbance was measured every 0.5 nm over a wavelength range of 400–2500
nm. For model validation, 7 tablets from the same batch for each sample set (3 polymer
compositions, 2 SF levels and 7 sintering time points) were scanned using the same
procedure. Tablets were scanned on the tablet face that exhibited minimal imperfections
that would arise during sintering. To ensure the accuracy of measurements, the instrument
was subjected to performance testing at the start of the experiment to verify noise level,
NIR and visible gain, internal wavelength position and repeatability.
4.2.5. Chemometrics and data analysis
Data was analyzed using Matlab (V 9.0, Mathworks inc, Natick, MA) and PLS Toolbox
(V 8.2, Eigenvector Research Inc Wenatchee, WA) to build the PLS regression models and
to extract the slope and intercept of each tablet spectrum collected. Several preprocessing
methods were assessed for the PLS regression. Detrend does not remove the baseline
changes that occur. Detrend was selected as the optimal preprocessing method for PLS as
it does not remove physical information from the spectra.
The PLS prediction model was produced by building a calibration curve with the
average of the seven spectra for each sintering time point with the corresponding average
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of the respective 7 tablets. Averages were used for model development due to the inherent
variation in the sintering process and hardness measurement. Cross validation of PLS
calibration was done using the leave one out approach. The model was assessed using the
root mean square error of calibration (RMSEC), root mean square error of cross validation
(RMSECV), root mean square error of prediction (RMSEP) and R2. The number of latent
variables selected was two.
For the spectral slope regression model and spectral intercept regression model, the
intercept and slope of each tablet spectra was obtained. The multiplicative scattering
correction (MSCORR) function in MATLAB was used extract the slope and intercept of
each tablet spectrum. The MSCORR function is used to regress a linear line through each
spectrum. The MSCORR function works by first applying the multiplicative scattering
(MSC) equation to each spectrum:
𝑋𝑖 = 𝑎𝑖 + 𝑏𝑖 𝑋𝑟𝑒𝑓 + 𝐸𝑖

(Equation 4.2)

Where Xi is the NIR spectrum of the individual sample, Xref is the average spectrum of all
spectra in the data set and ai and bi are the intercept and slopes estimated by least squares,
respectively. In the second step, the estimated parameters ai and bi are used to solve for the
corrected spectrum, Xcorr, using the following equation 4.4:
𝑋𝑖𝑗,𝑐𝑜𝑟𝑟 =

(𝑋𝑖 −𝑎𝑖 )
𝑏𝑖

(Equation 4.3)

When MSC is applied to the spectra, the goal is to obtain the corrected spectra,
Xcorr, for use in analysis involving chemically identifying information. Typically, the MSC
parameters used to calculate the corrected spectra. a and b, are discarded. However, these
two parameters are rich in physical information related to the changes in the tablet
structure. These physical features are represented by a, the spectral intercept, and the slope,
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represented by b. These parameters capture the additive and multiplicative scattering
effects that occur due to structural changes in the tablet. The slope and intercept of the
spectrum can therefore be related to the microstructural changes that occur with sintering.
To build the spectral slope regression model, all the slope values, b, for both the
calibration and validation data sets were averaged for each sinter time point. The averaged
slope value was regressed against the average tensile strength value for each time point.
The spectral intercept calibration and validation model was built in a similar
manner. However, since some samples were measured at different time points. these
samples may have been unintentionally subjected to high humidity and absorbed some
water as evident from increased peak intensity around 1920 cm-1. Thus, before calculating
the intercept, water influences were removed by calculating the difference in baseline from
1870 to 1970 cm-1 and subtracting that difference from the whole spectrum. The intercept
values, a, were averaged for each time point and regressed against the average tensile
strength for each time point. The validation set was treated in the same manner and was
used to assess the predictive strength of the calibration model.
The spectral slope regression models and spectral intercept models were evaluated
using the RMSEC, RMSEP, calibration bias and calibration prediction statistics.
4.3. Results and discussions
Three different regressions models for the monitoring of sintering, using NIR spectra and
respective tensile strength values, were built and compared. The first model used PLS. The
second model used the regression of the spectral slope, b (equation 4.3) to the
corresponding tensile strength value. Finally, the spectral intercept, a, (Equation 4.3) was
regressed against the corresponding tensile strength value. The merits and drawbacks of
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each of the regressions procedures are discussed for use in monitoring the sintering process
in pharmaceutical tablets.
4.3.1. Raw NIR spectra
The raw spectra for each series of sintering times was analyzed to determine the baseline
slope. Changes in spectral baseline slope are common for tablets compacted at different
compaction forces (Donoso et al., 2003; Kirsch & Drennen, 1999; Morisseau & Rhodes,
1997; Tatavarti et al., 2005). It was demonstrated that the NIR spectral baseline slope will
increase with sintering due to the complex tablet microstructure changes that occur with
differences in tablet SF (Figure 4.1). As expected Figure 4.1 shows that tablets made with
a HSF exhibit a higher spectral absorbance than those produced with a LSF for all PEO
contents 70% w/w (Figure 4.1A), 50% w/w (Figure 4.1B) and 30% w/w (Figure 4.1C).
However, as the concentration of PEO increased the absorbance or intensity difference
between the LSF and HSF tablets decreased. This is shown in Figure 4.1C where the
spectra of the 30% w/w PEO tablets produce the largest intensity gap between the high and
low SF tablets. As the concentration in PEO increases this gap decreases as shown in Figure
4.1A for 70% w/w PEO. This may be because for higher PEO content tablets the intensity
of the polymer may contribute more to the intensity of the spectrum than the overall tablet
density. In addition, Figure 4.1D shows that for 70% w/w PEO and the representative SF
0.73 that the spectral baseline slope changes as a function of sinter time. The increase in
baseline is rank ordered by sinter time with T=0 having the lowest spectral intensity and
T=15 h having the highest spectral intensity. This effect is most notable near the visible
region and towards the higher wavelength regions where multiplicative scattering effects
are most common (Blanco et al., 2006; Ciurczak et al., 2007).
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A

B

C

D

Figure 4.1: Raw spectra with sloping baseline shown for 70% w/w PEO tablets at 0.7 (blue) and
0.8 (red) solid fraction (SF) (A), 50% w/w PEO compacts at 0.7 (blue) and 0.9 (red) SF (B), 30%
w/w PEO compacts at 0.7 (blue) and 0.9 (red) SF (C), and representative spectra for progression
of sloping baseline with sinter time for 70% w/w and 0.7 SF tablets (D).
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Figure 4.2 - Water effect on the HSF tablet set (A) and LSF tablet set (B). The HSF tablets
all have a water band 1940 cm-1 (A). A water band is evident at 1940 cm-1 for the 10 min
(blue) and 30 min (pink) time points (B). Each time point is an average of 14 spectra.

It was also observed around 1940 cm-1 that a water band was observed for the HSF tablets
for only the 10 min and 30 min time points as well as in the LSF tablets for all time points
(Figure 4.1A-D). For LSD tablets, the 10 min and 30 min sintering time points exhibited
moisture bands at 1940 cm-1, see Figure 4.2A. Since these tablets were sintered during a
post analysis separate from the other HSF tablets, prolonged storage may have caused
residual moisture development. However, for the HSF tablets, the water band at 1940 cm1

appears consistently for each sinter time point probably due to the high compression force,

see Figure 4.2B. It was cited by Kirsch et al, that increased residual moisture was observed
by NIR for tablets compacted at higher compaction forces and this was probably due to
greater hydrogen bonding at the tablet surface (Kirsch & Drennen, 1999; Ressler, Ziauddin,
Vygantas, Janzen, & Karachorlu, 1976). What is interesting is that Cantor et al., noted that
sintering, or light heating of the tablet at 50°C caused the water band to disappear after 24
h of sintering in their system (Cantor et al., 2011). Another likely explanation for our
observations may be that the HSF tablets are so tightly compacted that the water moisture
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is locked just under the surface of the tablet and is unable to evaporate in comparison to
the LSF tablets that may allow for better water evaporation. However, considering the nonsintered LSF tablets did not exhibit a water band at 1940 cm-1, the most likely explanation
is that the stored LSF tablets adsorbed water that was not fully evaporated in the 10 and 30
min time frame at 80°C for our system.
4.3.2. Prediction Models
Three different type of calibration regression models were created using the average
spectra for a given sintering time with respect to tensile strength by either PLS, spectral
slopes, a, or spectral intercepts, b. Averages were chosen because of intrinsic variation in
the sintering process. For example, it is well known that heat is transferred by, conduction,
convection and radiation. Thus, tablets closest to the oven walls will experience less heat
transfer via radiation. Thus, it is not surprising that we observed that tablets closest to the
walls exhibited non-uniform heating especially at shorter sintering time points (Boyce et
al., Manuscript in Preparation). The variability can cause variations in the tablet
microstructure that could appear in the spectra but may not be evident in the actual breaking
force. In addition, the breaking force method used is not ideal for plastic materials despite
a brittle filler being used resulting in the response method contributing to variation in the
models.
Therefore, the spectral variation due to inherent variation in sintering and inherent
variation in the response method can contribute to the total error in the models developed
with individual data points, see Figure 4.3A. Averaging eliminates the variation due to
heating variation in the oven. This is illustrated in Figure 4.3B. The individual data points
span a wide range of spectral slopes for the corresponding tensile strength values with a
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tight 95% confidence interval (Figure 4.3B). However, when averaged, the variation in the
spectral data due to non-uniform heating is removed and the data falls within the 95%
confidence interval.

Tensile Strength (KN/cm2)

A 39

34

y = 62.938x - 42.842
R² = 0.715

29
24
19
14

B

Averaged Tensile Strength (KN/cm2)
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0.85

0.95
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Spectral Slope
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1.25

35
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Figure 4.3: Representative NIR calibration curves with 95% confidence
interval for the spectral intercept regression against the respective tablet
tensile strength of 70% w/w and 0.73 SF tablets for individual data points (A)
and for the average (n=7) of those points (B).
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In addition, the non-sintered tablets were not included in the models as they skewed
the data. It was determined through analysis and review of the PCA plots that the nonsintered tablets exhibited different properties than the sintered tablets and should be treated
as such. Therefore, only sintered tablets were used in the models.
4.3.2.1. Partial Least Squares
A PLS analysis provided a calibration model (average of 7 tablets for each time point) that
successfully predicted the tensile strength of a set of validation tablets (average of 7 tablets
for each time point) for each composition of PEO used (70%, 50%, 30% w/w) and for each
SF (high or low). A representative regression is shown in Figure 4.4 for the 50% PEO
tablets compressed at 0.73 SF and sintered for 0.167, 05, 1, 3, 9, or 15 h. The entire spectral
wavelength for each sample was used to build the model and the detrend algorithm
followed by mean centering was used to preprocess the spectra. Table 4.1 shows the model
statistics and prediction power for each polymer composition (30, 50, 70% w/w PEO) and
tablet SF in the study design. In all cases, the RMSEC was relatively low (< 2 and close to
0), however, when the model is validated the validation error, RMSECV, increased slightly
in all cases which means the PLS calibration model may not be precise. The bias in the
PLS calibration model was zero or reached near zero for the LSF tablets while bias existed
for the HSF tablets. The error in the prediction for all compositions and SF was minimal;
however, the prediction bias was non-zero for all sample sets.
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KN/cm^2

KN/cm^2

Figure 4.4: Representative PLS model for 50% w/w and 0.7 SF tablets

Table 4.1: Calibration statistics (n=7 for each time point) and prediction (n=7 for each
time point) statistics for partial least squares regression
Partial Least Squares Model
Sample Information

Calibration Statistics

Prediction Statistics

PEO
composition

Solid
Fraction

R^2

RMSEC

RMSECV

Bias

RMSEP

Bias

70
50
30
70
50
30

0.73
0.73
0.72
0.81
0.77
0.75

0.916
0.987
0.982
0.884
0.967
0.781

1.414
0.507
0.302
1.165
0.911
1.064

2.681
1.185
0.350
3.405
3.398
2.553

0.000
-3.553E-15
1.776E-15
-1.024
1.393
0.470

1.901
1.941
0.794
1.266
0.979
2.297

0.782
-0.474
-0.512
0.157
0.642
0.540

The 30% w/w PEO, 0.72 SF tablets and 0.75 SF tablets exhibited a model RMSEC
0.302, 1.064, a RMSECV of 0.350 and 2.553, RMSEP of 0.794, and 2.297, R2=0.72 and
0.75 respectively. This is interesting as the tensile strength response was limited to a narrow
range of values which would make establishing linearity difficult. However, at the same

133

time, since the 30% w/w PEO tablets had the lowest amount of plastic material and the
most brittle amount of material, this may have contributed to the lower standard deviation
in tensile strength values. Also, since there was not as much PEO in the tablet, lower
variability in the tablet spectra due to variations in heating may not be as large for these
data sets. Thus, it is possible that the good model statistics observed for the 30% tablets
may be due to the tablet composition.
Overall, the prediction bias was relatively high for all PEO compositions using the
PLS model. Larger prediction bias, i.e. not 0, indicates that there was a lot of variability
between the predicted values and observed values used in the validated model. This higher
bias implies that PLS may not be the strongest model to monitor the sintering process with
respect to the tensile strength. Alternative regression models were developed and
considered with the spectral intercept and spectral slopes.
4.3.2.2. Tablet Spectral Slope Regression for Tensile Strength
The average slope (b) of the 7 tablet spectra was regressed to the tablet’s respective
averaged tensile strength for each sintering time. The patterns of peaks and valleys in NIR
due to the chemistry of a sample does not vary with changes in tablet hardness and therefore
Kirsch proposed a determination of best fit line through each spectrum to reduce the
spectrum to just its slope and intercept (Kirsch & Drennen, 1999). The first advantage of
this method is that it captures the significant change in baseline slope. The second
advantage is that the entire spectrum is used so absorbance of any one peak or band does
not change the slope of the regression line. These advantages were noted when several
models were developed with the spectral slope to correct for moisture content. However,
these models yielded the same or similar predictions as models that did not correct for the
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moisture effects. Therefore, the uncorrected spectra were used to develop the spectral slope
regressions.
The average slope (b) of the 7 tablet spectra was regressed to the tablet’s respective
averaged tensile strength for each sintering time. The different regression slopes (b) versus
sintering time provide a measure of tablet microstructure change (in terms of pore
structure), see Figure 4.1, with sintering duration (Figure 4.5). This tablet microstructure
change is reported as the slope, bmc, of the new regression. It was observed that tablets
sintered with a high initial tablet SF produced a bmc twice the bmc of tablets that were
sintered with an initial LSF (Table 4.2). For instance, the slope nearly doubled from m=64
for 70% w/w PEO content and 0.81 SF tablets to m=121 for 70% w/w PEO content and
0.73 SF tablets, see Table 4.2. This observation implies that tablets with a HSF could be
experiencing a faster rate of tablet microstructural changes.
It was subsequently observed that the bmc remained similar regardless of PEO
composition for the low SF tablets (Figure 4.5B, D, F), but changed with PEO composition
for the high SF tablets (Figure 4.5A, C, E). For the low SF tablets the microstructure change
was bmc = 64 for 70% w/w PEO, bmc =60 for 50% w/w PEO, and bmc =68 for 30% w/w
PEO. For the 70 and 50% w/w PEO tablets the bmc = 121 whereas the bmc increased to 425
for the 30% PEO tablets. This observation implies that the spectral baseline shifts (recorded
as the spectral slope, b) that occurs with sintering time duration is dependent on PEO
composition. If the baseline shift was not dependent on PEO composition, we would expect
similar slope values (bmc) for all PEO compositions used. In addition, this observation may
also indicate that PEO composition effects the rate of tablet microstructure changes only
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at certain tablet SF levels and that tablet SF may be non-linearly related to the rate of tablet
microstructure change, bmc.
The error statistics for all spectral slope regression models demonstrate that the
slope regression is more robust against changes in chemical composition or moisture
content. This is represented by RMSEC less than 2 for all samples. However, the high SF
tablets exhibited a higher RMSEC in comparison to the low SF tablets (Table 4.2).
Conversely, the prediction error, RMSEP, was lower for the HSF tablets in comparison to
the LSF tablets. This may be because the HSF tablets exhibited a larger range in tensile
strength values, which lends to better linearity in data providing more precise predictions
(Table 4.3). Finally, both the calibration bias and prediction bias were close to zero for all
samples indicting that the spectral slope regression method is suitable to monitor the
sintering process. Overall, the tablet microstructure change, bmc, appears to be a direct
measure of the change in tablet pore structure that occurs with sinter durations. This model,
thus, has the advantage of being physically relevant towards the sintering process and more
accurately and more simply represents the changes that are occurring in the tablet as a
direct result of sintering.
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Figure 4.5: Averaged (n=7) spectral Slope
slope of each tablet regressed to the respective
tablet’s averaged tensile strength for each sinter time point with 95% confidence
interval for 70% w/w PEO content and 0.7 SF (A) and 0.8 SF (B), 50% w/w PEO
content and 0.7 SF (C), and 0.8 SF (D) and 30% w/w PEO content and 0.7 SF (E)
and 0.8 SF (F).
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Table 4.2: Calibration statistics (n=7 for each time point) and prediction (n=7 for each
time point) statistics for a regression model using spectral slopes
Slope Model
Calibration Statistics

Sample Information

Prediction Statistics

PEO
composition

Solid
Fraction

Slope

Intercept

R^2

RMSEC

Bias

RMSEP

Bias

70
50
30
70
50
30

0.73
0.73
0.72
0.81
0.77
0.75

64.292
60.281
67.661
121.95
121.02
425.45

43.948
44.038
54.960
74.54
90.136
392.94

0.974
0.990
0.982
0.808
0.899
0.790

0.784
0.454
0.302
1.503
1.185
1.541

-0.002
-0.001
0.000
0.001
0.002
0.003

0.000
2.224
0.710
0.827
1.599
1.890

0.108
-0.055
-0.086
0.021
0.092
-0.037

Table 4.3: Percent change in tensile strength from non-sintered tablets for low solid fraction
(LSF) and high solid fraction (HSF) tablets. A negative value indicates a decrease in tensile
strength.
Sinter
Time
(min)
10
30
60
180
540
900

PEO Composition
High Solid Fraction (HSF)
30%HSF
38
32
50
51
64
71

50%HSF
15
40
41
52
61
61

70%HSF
48
57
58
74
76
79

PEO Composition
Low Solid Fraction (LSF)
30%LSF
-33
-30
-11
-2
7
5

50%LSF
-13
-1
43
53
84
97

70%LSF
62
81
137
153
196
209

4.3.2.3. Tablet Spectral Intercept Regression for tablet tensile strength
Finally, the averaged tablet spectral intercept was also used to model the changes
in the respective averaged tablet tensile strength as a function of sinter time. It was observed
that the spectral intercept is more sensitive to chemical changes that occur in the tablet
spectrum such as in the case of residual moisture uptake in the sample (Figure 4.2).
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The change in spectral intercept with sinter time monitors the effect of how the
tablet SF influences the amount of light scattered and reflected to the NIR detector.
Changes in the intercept can also occur due to individual components in the tablet sample
that absorbed more light resulting in less light reflected back to the detector. It’s quite
possible, as will be shown, that the change in spectral intercept is a parameter that can
measure both chemical composition changes and tablet physical structural changes. These
changes could be a result of how the various tablet components are physically altered and
thus alter the pathway of light travel or could be an artifact of how the various components,
such as moisture uptake or entrapment, can absorb light reflecting less light back to the
detector. Thus, the slope, blt, of the intercept regression model represents how the NIR light
travel is altered because of chemical composition change or composition rearrangement
that occurs with sinter time.
When assessing the spectral intercept regression model, it was observed that water
greatly influenced the 10 min and 30 min time points of the LSF tablets for all PEO
compositions (70%, 50%, 30% w/w) (Figure 4.7). Due to modification of the initial
experimental design, the LSF tablets were exposed to prolonged storage times before
sintering before being sintered for 10 and 30 min. The NIRs spectra showed an increase in
moisture uptake at the 1940 cm-1 band for the 10 min and 30 min time point, LSF, and for
all PEO compositions (30, 50, 70% w/w) (Figure 4.2A-B). This uptake in water shifted the
spectral intercept value for the 10 min and 30 min points (Figure 4.7A). This shift was
evident in all individual points and was not an artifact of data averaging. The removal of
the water band alone was not sufficient to correct the spectra as the intercept is a product
of the baseline of the entire spectra.
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Therefore, the change in baseline height due to the water peak was calculated as a
reference. This reference was subtracted from the entire spectrum to correct for the shift in
intercept due to water effects. This resulted in a shift of the 10 min and 30 min time points
so they were no longer outliers (Figure 4.7). The observed increase in absorption at all
wavelengths is most probably due to increased depth of light penetration due resulting in
decreased light scattering from the samples with higher moisture content. This data analysis
demonstrates that using the spectral intercept to regress would leave the model susceptible
to changes in sample moisture content and perhaps other chemical changes.
As expected, the HSF tablets exhibited a larger blt in comparison to the LSF tablets
when comparing tablets made with the same PEO composition (Table 4.4). For instance,
the 70% w/w and 0.73 SF tablets exhibited a slope of blt =277 compared to the 70% w/w
and 0.81 SF tablets where a blt = 798 was observed. This difference is because the LSF
tablets have a higher baseline due to a greater number of multiplicative and additive scatter
effects that occur because the NIR light has more surfaces to reflect off due to the larger
pore structure (Figure 4.1). In comparison, the HSF tablets may exhibit more absorption
and less scatter effects due to the tightly packed nature of the tablets. With longer sinter
times, the pore structure of the HSF tablets could have become less open and the tablet
consequently absorbed more light. This would result in less light reflected to the detector.
Large changes in how much light is absorbed in the sample could be reflected in the large

blt. value observed for the LSF tablets in comparison to the blt for the HSF tablet (Table
4.4).
When the SF is kept constant, the blt was observed to increase with increasing PEO
composition from blt =277 for 70% w/w PEO, blt = 261 for the 50% w/w PEO, to blt = 153
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for 30% w/w PEO for the LSF tablets, see Figure 4.6A, C, D. In contrast, blt was observed
to decrease with increasing PEO composition for the HSF tablets, see Figure 4.6B, D, F,
from blt =798 for 70% w/w PEO, blt =1257 for 50% w/w PEO to blt =2038 for 30% w/w
PEO. Because the 30% w/w PEO HSF had the greatest content of anhydrous DCP, these
tablets may have had greater moisture content trapped in the tablet during compaction
resulting in larger changes to the intercept with sintering that could have occurred due to
water evaporation and or grater shifts and movement with the tablet pore structure
that resulted in the perceived large blt. In contrast, the smaller blt value for the LSF
tablets, indicates that the light scattering changes that occur due to sintering are minor. As
was shown in prior work, the 30% w/w PEO LSF tablets do not exhibit major
microstructural changes with sintering, coupled with the fact that water is not apparent in
these tablets explains why this sample set experienced the smallest blt.

141

30

Tensile Strength (KN/cm2)

25
20
15
10
-0.02

-0.01

0

0.01

Tensile Strength (KN/cm2)

D

25
20
15
10
5

0
-3.00E-02-1.00E-021.00E-02 3.00E-02

45
40
35

40
38
36
34
32
30
28
26
24
22
20

-6.00E-03 -2.00E-03 2.00E-03

F

Tensile Strength (KN/cm2)

E

50

-6.00E-03-2.00E-03 2.00E-03 6.00E-03

0.02

30

C

55

Tensile Strength (KN/cm2)

-0.03

60

B

18
16
14
12
10
8

Tensile Strength (KN/cm2)

Tensile Strength (KN/cm2)

A

6

-4.00E-02 -2.00E-02 0.00E+00 2.00E-02

Spectral Intercept

-1.00E-03

6.00E-03

40
38
36
34
32
30
28
26
24
22
20

5.00E-04

2.00E-03

Spectral Intercept

Figure 4.6: Averaged (n=7) spectral intercept of each tablet regressed to the respective
tablet’s averaged tensile strength for each sinter time point with 95% confidence interval
for 70% w/w PEO content and 0.7 SF (A) and 0.8 SF (B), 50% w/w PEO content and 0.7
SF (C), and 0.8 SF (D) and 30% w/w PEO content and 0.7 SF (E) and 0.8 SF (F).
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While for this system the intercept model may not be a physically relevant model,
this relationship could be especially important when inclusion of an active pharmaceutical
ingredient (API) could be an important variable to monitor. It has been noted in the
sintering literature that the sintering agents can become a solute or solvent to other matrix
components in a system (German, 1996). This may be an important phenomenon to
monitor and the intercept model has the potential to be capable in measuring and
monitoring these occurrences.
When assessing the calibration and validation statistics of the spectral intercept
regression, it was noted that the RMSEC and RMSEP fell under 2 for all samples where a
value close to zero is desired. The prediction bias was small for this model (< 0.1 for all
samples) (Table 4.4). While the prediction statistics indicate the spectral intercept can
produce a reliable prediction model, the physical relevance of the regression is confounded
by both physical and chemical changes that occur during sintering that can influence the
intensity of light that is scattered and returned to the detector.

Table 4.4: Calibration statistics (n=7 for each time point) and prediction (n=7 for each
time point) statistics for a regression model using spectral slopes
Intercept Model
Calibration Statistics

Sample Information

Prediciton Statistics

PEO
composition

Solid
Fraction

Slope

Intercept

R^2

RMSEC

Bias

RMSEP

Bias

70
50
30
70
50
30

0.73
0.73
0.72
0.81
0.77
0.75

277.720
260.998
152.950
797.570
1257.300
2038.000

21.551
16.991
12.724
46.504
29.653
30.752

0.892
0.922
0.889
0.831
0.911
0.705

1.604
1.259
0.740
1.727
1.061
1.353

-0.007
-0.010
0.004
-0.018
0.002
0.024

0.000
2.211
1.065
0.651
1.149
1.889

0.093
-0.098
-0.095
0.023
0.088
0.052

143

y = -343.58x + 22.885
R² = 0.2109

A

Tensile Strength (KN/cm2)

35
30
25
20
15
10
5

0
0.00E+00
1.00E-02
Spectral Intercept

-1.00E-02

y = 277.72x + 21.551
R² = 0.8916

30

Tensile Strength (KN/cm2)

B

-0.03

2.00E-02

25
20
15

-0.02

10
-0.01
0
Spectral Intercept

0.01

0.02

Figure 4.7: Representative calibration curves for the spectral intercept
regression against the respective tablet tensile strength of 70% w/w and 0.7
SF tablets for spectra not corrected for the 1940 cm-1 water effect (A) and for
the spectra where the water effect was removed (B).
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4.3.2.4. Model Comparisons of PLS, spectral slope, and spectral intercept regression
A better understanding of using NIRs to monitor the sintering process and predict
the tensile strength of ductile material, polyethylene oxide was learned. Three different
prediction techniques were used, PLS, a spectral slope regression and a spectral intercept
regression were evaluated. All models were reliable and able to predict values for our
validation set with relatively low RMSEC and minimal bias.
It is possible that the tablet microstructural changes due to non-uniform heating are
significant enough to cause significant spectral variations. Averaging spectra from multiple
tablets can minimize the heating variation that influences the model reliability. In addition,
the non-sintered tablets were not included in the models as they skewed the data. It was
determined through analysis and review of the PCA plots that the non-sintered tablets
exhibited different properties than the sintered tablets and should be treated as such.
Therefore, only sintered tablets were used in the models.
The spectral slopes regressed to the tensile strength accurately models the tablet
microstructural changes that occur during the sintering process and this regression was
considered reliable and shown to accurately predict the tensile strength with a validation
tablet set. This correlation represented the most physically relevant prediction model to this
system and corroborates with pore structure changes observed to occur in this tablet system
(Boyce et al., Manuscript in Preparation). This model also has the potential to be used to
monitor the sintering process in real time. While the spectral intercept model correlated
well to the tensile strength it was more disposed to being affected by chemical composition
effects such as water influences and composition of PEO. Removal of the water provided
a suitable regression model, but the spectral slope regression models still outperformed the
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spectral intercept model in terms of simplicity. Thus, the spectral intercept model may be
a great tool to use if chemical effects also were of interest to monitor during sintering such
as the effect of an API, or interactions with other excipients and fillers
In both cases, the spectral intercept and spectral slope regressions demonstrated
similar trends in tensile strength prediction compared to that of the measured tensile
strength, see Figure 4.8. A representative curve for 70% w/w PEO and 0.73 SF (Figure
4.8A) and 0.81 SF (Figure 4.8B) indicate that the tensile strength begins to plateau after 1
h of sintering. The only instance where this was not the case was for 70% w/w PEO and
0.73 SF tablets (Figure 4.8A) where the spectral slope and spectral intercept regression
modes predicted the tensile strength to plateaus after 1 h. However, there was a decrease
in the actual measured tensile strength value at 3 h before plateauing occurred at the 9 h
sinter time point. This slight decrease was within the calculated error for the measured
tensile strength values for this data set and therefore was not considered an actual decrease.
The ability of NIRs to predict the tensile strength and thereby to monitor the
sintering process depended largely on the content of PEO present, and the SF used. The
prediction bias for the spectral slope model was the lowest overall followed by the
prediction bias for the spectral intercept model and then the PLS regression. Although PLS
does provide the most linear regression, as proven by the higher R2 value, and the lower
RMSEC and calibration bias, the spectral slope and spectral intercept regression methods
outperformed the PLS regression in terms of exhibiting stronger prediction power and
simplicity in terms of the models representing physical phenomena occurring this system.
PLS is also a more complex model that makes interpretation difficult. Overall, spectral
slopes regressed against the tensile strength provided a much simpler and representative
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analysis of the sintering process in terms of measuring microstructural changes and
provided the best prediction power of tablet strength.
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Figure 4.8: Comparison of measured verse predicted tensile strength values
with respect to sinter time for 70% w/w PEO 0.81 SF (A) and 0.73 SF (B).
4.4. Conclusions
Successful correlations of NIR spectra to tensile strength could provide useful for in-line
PAT applications where NIRS can be used to characterize the end of the sintering process.
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In addition, the plastic nature of PEO makes it extremely difficult to characterize.
Successful application of NIRS would allow for an easy test method to evaluate the tablet
tensile strength of PEO based ADF products as well as to aid in the determination of the
sintering end point of PEO based matrices. An understanding of how baseline shifts in NIR
spectra due to changes that occur during sintering was also learned and applied.
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5. A Vertical diffusion cell for the in vitro assessment of comminuted
abuse deterrent formulations prepared for nasal insufflation
5.1. Introduction
Abuse deterrent formulations (ADFs) have been developed in the past decade to
help curtail the rise of prescription drug misuse and abuse (Alexander, Mannion,
Weingarten, Fanelli, & Stiles, 2014; N. Katz, 2008; Moorman-Li et al., 2012; RA, P, F, &
L., 2016; Romach, Schoedel, & Sellers, 2013). The Food and Drug Administration (FDA)
has supported and encouraged the development of these formulations as indicated by the
release of its guidance entitled “Abuse-Deterrent Opioids - Evaluation and Labeling” in
April of 2015 and the draft guidance entitled “General Principles for Evaluating the Abuse
Deterrence of Generic Solid Oral Opioid Drug Products“ for generic drug products in
March of 2016 (Medical, 2015; Research, 2016). Currently, the techniques available or
under development for ADFs include: a physical/chemical barrier, pro-drug approach,
agonist/antagonist combination, inclusion of an aversive agent, depot/implant delivery
systems and new technologies such as ion exchange resins or combinations of the above
(Maincent & Zhang, 2016; Xu, Gupta, Al-Ghabeish, Calderon, & Khan, 2016). The first
product to receive abuse deterrence labeling claims was OxyContin®, which uses a physical
barrier matrix.
Physical barrier type ADFs are designed to make crushing, grating, grinding,
chewing, cutting or any form of solid oral dosage form reduction time consuming and
difficult. In addition, even if abusers are successful at reducing the tablet, exposure of the
resulting particles to moisture will result in the formation of a polymer gel making drug
extraction difficult, parenteral injection deadly and nasal insufflation much less desirable.
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Specifically, with regards to deterring nasal insufflation, a bioadhesive can retard the
absorption of the drug by increasing the residence time of the formulation and its aversive
agents in the nasal mucosa (A. S. Harris, Svensson, Wagner, Lethagen, & Nilsson, 1988;
Perrino, Colucci, Apseloff, & Harris, 2013). Depending on the polymer used in the
formulation, this increased residence time can reduce mucociliary clearance and act as a
controlled release agent thereby reducing the release and extending the absorption time of
the drug. Many ADFs, such as OxyContin®, use polyethylene oxide (PEO) to create these
physical barrier properties (Bartholomaus, Kugelmann, & Arkenau-Marić, 2012; McGinity
& Zhang, 2002).
Currently, most investigations examine the overall strategies for what should be
assessed in an ADF, but the actual in vitro experimental methods which are relevant to real
abuse situations need further development. In theory, there are an infinite number of ways
an abuser can manipulate a product; thus, to limit the number of tests that could be done in
a reproducible manner to a manageable number of tests, Edward Cone first suggested an
iterative approach to assess abuse deterrent formulations (Cone, Giordano, & Weingarten,
2013). Xu et al. suggested a risk based approach that accounts for the probability of an
abuse approach and severity of harm for each mode of abuse (Xu et al., 2016). An
‘Extractability Rating System’ to standardize testing and reporting of extraction studies
done on abuse deterrent opioids was conducted by Katz et al (N. P. Katz et al., 2006).
Butler et al. developed a 17-item opioid attractiveness scale that monitors abuse potential
liability based on both intrinsic physiochemical properties of the opioid and extrinsic
factors such as cost and availability of the drug (Butler et al., 2006). Factoring the amount
of time and effort required to abuse a formulation was proposed by Cone et al (Cone,
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Buchhalter, Wang, & Henningfield, 2015). While such work provides a strategic
framework for how to assess an abuse deterrent formulation, the actual analytical
methodology to perform these manipulations still needs research. For example, several
publications investigate the pharmacokinetic, pharmacodynamic, safety and abuse
potential of an abuse deterrent product in vivo. The methods qualitatively describe tablets
being ground into “fine” and “coarse” particles (Stephen C. Harris et al., 2016; S. C. Harris
et al., 2014; Perrino et al., 2013). Having a comminuting method that can apply a consistent
amount of force and energy to the tablets followed by the careful characterization of the
comminuted particle size will provide more information about the effects of abuser
behavior on nasal absorption. For example, Vosberg et al. characterized the particle size
of the manipulated tablets in their vivo studies comparing tamper and non-tamper resistant
formulations (Vosburg et al., 2013) with this added information, they were able to show
that particle size can affect a participant’s willingness to snort the resulting particles. This
shows the value of including particle size characterization as an in vitro testing parameter.
For physical barrier type formulations, an in vitro test would be valuable to assess
and compare how different formulations can influence the release of the drug if it were to
be successfully manipulated by an abuser and insufflated. Snorting an opioid formulation
is popular because drugs are quickly absorbed intranasally due to the high permeability of
the nasal epithelium (Merkus, Verhoef, Schipper, & Marttin, 1998; Monteiro-Riviere &
Popp, 1984). Mucociliary clearance can have a large impact on the intranasal absorption
of a drug. For intranasal absorption, the drug-containing particle has on average a 20 min
absorption window before it is cleared by the mucocilia (Charlton, Jones, Davis, & Illum,
2007; Merkus et al., 1998). However, incorporation of a bioadhesive agent, such as PEO,
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can extend the residence of the drug particles for up to 6 h (Merkus et al., 1998). The
mucociliary clearance is also dependent on the site of deposition in the nasal cavity; the
posterior and middle turbinate contain ciliated epithelium whereas the anterior turbinate
does not have cilia. Therefore, drug has a slower clearance if it lands on the anterior region
of the nose (Proctor, Adams, Andersen, & Man, 1978). In addition, the nasal cavity has a
high humidity and the nasal surfaces are fully hydrated (Chaturvedi, Kumar, & Pathak,
2011; Djupesland, 2013). While a completely representative in vitro model of nasal
absorption that is reproducible and practical is not currently available; in vitro test methods
should try and account for as many of the anatomical features of the nasal cavity as
possible.
In this study, we examined the use of a vertical diffusion cell (VDC) in the
measurement of drug release from comminuted tablets with ADF properties. Diffusion
cells are described in the literature to reproducibly assess formulation differences in nasal
absorption drug delivery (Gaikwad, 2010; Kurti et al., 2013; Pardeshi, Belgamwar, Tekade,
& Surana, 2013). The novelty of our approach is that the comminuted particles are nonsolvated, i.e. dry, when presented to a wetted cellulose membrane. Traditionally, nasal
absorption studies present the drug in a liquid formulation or fully hydrated gel or cream;
however, for abuse deterrent applications, these methods don’t account for the effects of
polymer transformation from its dry state to hydrated state (Scheuplein & Ross, 1974).
Polymer hydration and swelling have been shown to be important steps in the release of
drug from delivery systems such as tablets (Kim, 1995; Maggi, Segale, Torre, Ochoa, &
Conte, 2002; Savas & Guven, 2001). This is important because when the dry powder
contacts the wet membrane, the polymer in the formulation begins to swell forming a gel.
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This series of events is representative of what would occur in the actual abuse scenario
where dry particles are snorted and the active pharmaceutical ingredient (API) would be
released in parallel with particle hydration and gel formation. Thus, the drug would
experience different rates of release depending on the stage of gel formation and API
entrapment in the gel.
To better understand the effect of formulation factors on drug release from ADF,
different metoprolol tartrate tablets were produced based in part on the excipients used in
the commercially available OxyContin® formulation. In our formulations, the model drug
metoprolol tartrate was blended with polyethylene oxide and compressed. The resulting
tablets were sintered at 80°C for 30 min to enhance the mechanical strength of the tablets
as reported in the patent for ADF OxyContin® (McGinity & Zhang, 2002). The metoprolol
tartrate tablets were manipulated under three different types of mechanical stresses that are
typical of routine household items commonly used by abusers; these forces were grinding,
cutting, milling. The particle size distribution of comminuted tablets was characterized.
Then the release of drug from the resulting particles was measured. The same test was
applied to abuse deterrent OxyContin® and another drug product, Opana®. Opana® does
not have an abuse deterrent labeling claim but exhibits similar properties as OxyContin®.
Thus, the objective of this study is to compare how tablet composition and modes of abuse
affect particle size and how these factors will affect the drug release from the ADF
formulations or the formulations with such properties.
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5.2. Materials & Methods
5.2.1. Materials
Polyethylene oxide (PEO) (POLYOXWSR 303 –NF, Lot# 2D1555S5R4, DOW Chemical,
Midland, MI) and PEO (POLYOX WSR N12K –NF, Lot#212455S5L2, DOW Chemical,
Midland, MILot#212455S5L2), metoprolol tartrate (Lot# 238006495, Assia Chemical
Industries, Be'er Sheva, Israel) and Magnesium Stearate (MgSt) 2256 (Lot#L06615
Macron Chemicals, Center Valley, PA) were used. Lactose (Supertab ZLAN, Lot#
10361059, DFE Pharma, Germany), cornstarch (Lot#M4316, Roquette, France) and
croscarmellose cellulose (Aci-Di-Sol SD-711, Lot#TN09820745, FMC, Philadelphia, PA)
were used as well. OxyContin® CII, 80 mg, (Lot# WSD80A, Purdue Pharma LP Stamford,
CT), Opana® ER (Lot#B13046A, Endo Pharmaceuticals, Chadds Ford, PA), neat
Oxycodone HCl (Lot#13BW240, Noramco, Wilmington, DE) and neat oxymorphone HCl
(Lot # 14LW493, Noramco, Wilmington, DE) were also used. OxyContin® 80 mg drug
product consists of active ingredient oxycodone and other generally regarded as safe
GRAS) excipients (butylated hydroxytoluene, polyethylene glycol 400, PEO, magnesium
stearate, hypromellose, titanium dioxide, hydroxypropyl cellulose, yellow iron oxide and
FD&C Blue #2/Indigo Carmine Aluminum Lake). Opana® 40 mg consists of oxymorphone
active and other GRAS excipients (hypromellose, PEO, polyethylene glycol, alphatocopherol, citric acid, polyvinyl alcohol, titanium dioxide, macrogol, talc). Spectra/Por®
(Lot# 9200225 Spectrum Laboratories, Inc, Rancho Dominguez, CA) cellulose dialysis
tubing with a molecular weight cutoff of 12,000 to 14,000 was used.
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5.2.2. Blending
The batch size of the simulated ADF metoprolol tartrate drug product was 100 g. For each
blend, the metoprolol tartrate (30% w/w) and polyethylene oxide (70% w/w), either 7E6 or
1E6 molecular weight, were co-sieved through a #30 mesh (595 μm) screen. The mixture
was vigorously premixed by hand for 2 min. The blend was transferred to a 0.75 quart VBlender (Paterson Kelley) and blended for 12 min. The MgSt (0.5% w/w) was added to the
blender and blended for 2 additional minutes. For the immediate release (IR) blend, sieved
metoprolol tartrate (30% w/w), lactose (45.5% w/w), corn starch (22% w/w), and
croscarmellose (2% w/w) were hand blended for 2 min before blending in the 0.75 quart
V-Blender for 12 min. The MgSt (0.5% w/w) was added to the blender and blended for 2
additional minutes.
5.2.3. Preparation of Metoprolol Tablets
The above metoprolol-PEO blends were compacted into tablets with 10 mm B typestandard flat faced tooling (Natoli, Saint Charles, MO) using a single station hydraulic
press (Carver, Model# 3851-0, Wabash, IN) (dwell time=1 min). A 350 mg tablet weight
was selected. For the 7E6 MW PEO tablets, a 4 kN and a 9.3 kN compression force was
used to target 20% and 10% porosity tablets, respectively. For the 1E6 MW PEO tablets,
a 4 kN compression force was used to target a 20% porosity and 11.6 kN was used to make
10% porosity tablets. The tablets were then sintered in an oven for 30 min at 80°C to
increase tablet strength. For the IR tablets, a 22.2 kN compression force was used to achieve
10% porosity.
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5.2.4. Gel Preparation
In order to test the effect of PEO hydration on drug release, gels containing metoprolol
tartrate were made as a tertiary control to the neat API and IR tablets. Two gels were made;
one with 1E6 Mw PEO and one with 7E6 Mw PEO. A 30 mg/mL metoprolol tartrate aqueous
solution was first prepared. Using an overhead mixer (Model RW-20, IKA, Wilmington,
NC), PEO was slowly added to the solution while mixing until a solution viscosity of 300
cP was obtained. Solution viscosity was measured using a cone and plate rheometer (DVIII
Ultra, Brookfield Ametek, Middleboro, MA) with a cone spindle (CPA-40Z, Brookfield
Ametek, Middleboro, MA). The calibration was done using B29 standard reference
solution (Lot#15101, Brookfield Ametek, Middleboro, MA). The viscosity of the gels was
measured at a shear rate setting of 2 RPM at 25°C.
5.2.5. True Density & Porosity
The true density of each powder blend was measured using a helium pycnometer (Accupyc
1330, Micromeritics, Norcross, GA). The particle densities were measured as the average
of three replicates (5 repetitive purge cycles for each sample), and were used in the
calculation of compression parameters to obtain the desired tablet porosity. The porosity
of all tablets was calculated using the equation:
𝜖 = 1−(

𝑀𝑡𝑎𝑏
)
𝜌𝑡𝑟𝑢𝑒 𝑉𝑡𝑎𝑏

(5.1)

where Mtab is the tablet mass, Vtab is the tablet volume and ρtrue is the true density of the
material obtained with the Accupyc.
5.2.6. Mechanical Manipulation
Three different mechanical manipulation methods were selected: milling, grinding
(abrasion with sandpaper using a rotary tool) and cutting to simulate abuser behavior and
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represent the range of forces that could be applied to an ADF. For each formulation and
manipulation method 10 tablets were tested. For milling, one tablet at a time was placed
in a coffee mill (Type 203 B, KRUPS, Millville, NJ) rated for 160 Watts (60 Hz) with a 35
mm radius blade (from center to tip) that had one blade curved up and the other blade
curved down. The tablet was milled continuously for 1 minute at 19,600 rpm. The rpm of
an empty mill was measured using a tachometer (Model HT-4100, Distek, Township, NJ).
The resulting milled particles were collected by turning the mill upside down and tapping
the sides until no more powder came out; this was done to simulate user behavior. The
particles were stored in a tightly sealed glass vial at room temperature for diffusion studies.
The mill was thoroughly cleaned between each sample to prevent carry over.
For grinding, a rotary tool (10,000 RPM, setting 1) (MultiPro 7.2 V Model #770,
DREMEL, Mount Prospect, IL) equipped with a 240-grit, 0.61 cm diameter sand drum
(B00C050TWC, TEMO) was used. A new sanding drum was used for each tablet
manipulation to prevent carryover and to ensure optimal consistency of sanding area and
texture. Each tablet was held with forceps over a beaker to collect the particles; all studies
were done in a fume hood. The tablet was continuously repositioned during the grinding to
allow the rotary tool to grind the tablet effectively. The time to grind the tablet until the
forceps could no longer hold the intact particle was recorded.
For cutting, diagonal cutting pliers (Crescent®, 2.3 cm cutting length, 11.5 cm
handle length, Sparks, MD) were used. The number of cuts made within 5 min was
recorded. The tablets were first cut in half; then each half piece was cut into thirds. Then
each third was cut into as many pieces as possible. To prevent the coffee mill and rotary
tool motors from overheating and to prevent hand fatigue, the manipulation method was
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rotated through the sample set so a tablet was milled, then another tablet was ground and
then another tablet was cut. The same procedure for the OxyContin® and Opana® tablets
was used, but the coating for each product was removed first by gently sanding it off with
a 100-grit sanding paper. The IR tablets were ground in a mortar and pestle to produce a
fine powder.
The percent recovery after each manipulation was recorded to determine the
variability and reproducibility associated with each manipulation. The percent recovery
was calculated as follows:
% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 100 ∗

𝑊𝑏
𝑊𝑎

(5.2)

Where Wa is the weight of tablet before manipulation and Wb is the weight of the
comminuted particles collected after manipulation.
5.2.7. Assay
5.2.7.1. Metoprolol Tartrate Blend Assay
Content uniformity of the metoprolol tartrate blends was assayed by UV-vis (Model#1700,
Shimadzu, Columbia, MD) by a single point calibration at 273 nm. For the metoprololPEO blends, A 0.25 mg/mL metoprolol tartrate stock solution was prepared with 70% w/w
PEO added as solution background and was used as the single point calibration. For the IR
blend, a 0.25 mg/mL metoprolol tartrate aqueous stock solution was used for the single
point calibration. The absorbance of three different samples of the standard was measured.
Solutions were prepared for the blend samples by sampling from five discrete locations in
the bag. The sample was dissolved to a theoretical concentration of 0.25 mg/mL metoprolol
tartrate. The absorbance of each solution was measured in triplicate and the actual
concentration was calculated and percent metoprolol calculated for all five samples.
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5.2.7.2. Tablet Assay
An HPLC (Shimadzu SPD 10A detector and SCL pump, Shimadzu, Columbia, MD)
equipped with a RP 18, 5 μm, 4.6x150.0 mm column (XTerra, Waters, Milford, MA) was
used to assay the concentration of API in each sample for each time point in the diffusion
studies. Assay methods were based upon the USP monographs for Metoprolol Tartrate
Tablets and Oxycodone Hydrochloride and a publication by Hussain for oxymorphone HCl
(Hussain & Aungst, 1997). The UV wavelength was set to 273, 280, 283 nm for metoprolol
tartrate, oxycodone HCl, and oxymorphone HCl, respectively. The mobile phase for
oxycodone HCl was prepared using the same mobile phase listed for oxymorphone HCl
(Hussain & Aungst, 1997). The retention times for metoprolol tartrate, oxycodone HCl,
oxymorphone HCl were as follows: 3.7, 4 and 5.1 min. The calibration curve for all drugs
consisted of a 2 mg/mL stock solutions with direct stock dilutions of 1.5, 0.75, 0.2, 0.15,
0.05 and 0.01 mg/mL. The calibration curve of Y = 3825780x – 2604; R2 = 0.999 was
acquired for metoprolol tartrate. The calibration curve for oxycodone HCl was Y =
2,999,200x – 6402; R2 = 0.999. The calibration curve for oxymorphone HCl was Y =
3085565x – 10598.1; R2 = 0.999.
5.2.8. Particle Size Analysis
Particle size data was measured with a dry powder dispersion laser diffraction instrument
(Scirroco 2000, Malvern, Malvern, PA) equipped with a dry powder feeder accessory. The
test conditions for the ground and milled samples were set at 50% vibratory feed rate, and
3.5 bar air pressure. The test conditions for the cut samples were set to 30% vibratory feed
rate and 3 bar air pressure. The particle size analysis was done using the Fraunhofer model.
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5.2.9. Diffusion Studies
API release was measured using a 7 mL glass vertical diffusion cell (Hanson Research Co.,
Chatsworth, CA). A cellulose membrane was used as the membrane barrier between
receiver and donor compartments. The cellulose membrane was soaked in phosphate
buffer (PBS) pH 6.4 for 12 h before the study to hydrate the membrane. PBS buffer pH 6.4
was also used as the receiver solution to match the pH of the adult nasal mucosa and the
water circulator (Model# 58-001-430, Polyscience, Niles, IL) was maintained at 37 ± 0.5°C
(Nasal Systematic Drug Delivery, 1989). A helix stir bar was placed in the receiver solution
and rotated at 450 RPM. The membrane was then placed on the diffusion cell, covered and
allowed to equilibrate with the receiver medium for 1 h prior to sample introducing. The
release of drug from all samples was measured in triplicate where each replicate was taken
from three different manipulated tablets. The amount of sample placed on the membrane
was equivalent to 10 mg of API for each sample and leveled with a spatula. A cover was
then placed back over the donor compartment to maintain the sample humidity. For the
prepared gel samples, a 100 μL aliquot of gel formulation equivalent to 10 mg of API was
dispensed on the membrane using an automatic pipette. Sampling occurred at 15, 30, 60,
90, 120, 180, 240 and 300 min. At each sampling time point, 5.8 mL of fresh receiver
solution displaced 5.8 mL of solution in the receiver compartment of the cell to maintain
sink conditions. The first 2 mL of receiver solution displaced was discarded and the
remainder of the sampling volume was collected for assay by HPLC.
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5.2.10. Statistical Analysis
5.2.10.1. Study Design
Independent variables in this study were molecular weight of PEO (1E6 Mw or 7E6 Mw
PEO) and tablet porosity (20% or 10%) to produce four different formulation
combinations. The four formulations had three different treatments applied, considered as
such the comminution method employed (cutting, grinding, milling). The dependent
variables consisted of the particle size distribution of the comminuted tablet, and the
diffusional release of the API from the comminuted tablet. A 2-Way ANOVA analysis
was implemented and ρ-values with significance threshold set at p < 0.05 were used to
determine overall significance of milling method and formulation factors on the particle
size of comminuted tablets and the API release constant to characterize API release from
the various PEO matrices. A Tukey post hoc analysis was further applied at a 0.05
threshold to compare the significance of initial tablet porosity on the resulting
comminuted tablet particle size.
5.2.10.2. Dissolution f2-Similarity Test for Drug Release Comparisons
The f2-Test was used to assess the similarities in the cumulative percent release of the
diffusion curves, see FDA guidance (Services & Administration, 05/04/2015). The f2
values were calculated using:
𝑛

1
𝑓2 = 50 ∗ log[[1 + ( ) ∑(𝑅𝑡 − 𝑇𝑡 )2 ]−0.5 ∗ 100 ]
𝑛

(5.3)

𝑡=1

where n is the number of time points, Rt is the percent released of the reference sample at
time t and Tt is the percent released for the test sample at time t. An f2 that is greater or
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equal to 50 implies the two cumulative release curves are similar and a value less than 50
demonstrates the curves are not similar.
5.2.10.3. Drug Transport Mechanism
Analysis of the transport mechanism can be assessed using the method by Ritger et al
(Peppas, 1985; Ritger & Peppas, 1987a, 1987b) .With this method, the diffusion data can
be fit to:
𝑀𝑡
= 𝑘𝑡 𝑛
𝑀∞

(5.4)

where k is a constant, Mt is the cumulative amount released at time t and M∞ is the total
amount released for infinite time. A linear regression was performed on the Log
transformation of equation 5.4. The manipulated sample appears to exhibit Fickian
diffusion if n is less than 0.5. If n is greater than 0.5, then anomalous diffusion is assumed
implying the sample exhibits complex drug transport.
5.2.10.4. Release Constant
The release constant can be determined from the slope of the regression of cumulative API
release per surface area, Q, vs t:
𝑄 = [𝐶𝑁 𝑉 + ∑𝑁−1
𝑖=1 𝐶𝑖 𝑆] /𝐴

(5.5)

and Ci is the concentration of API at the ith time interval, N is the total number of time
intervals, V is the volume of the receiver compartment, A is the surface area of the
membrane, and S is the sample aliquot volume (Thakker).
5.3. Results & Discussions
5.3.1. Manipulation Method Characterization
Table 5.1 describes the metoprolol, oxymorphone (Opana®) and oxycodone (OxyContin®)
samples used in the tablet comminution and diffusion studies. The percent recovery for
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each type of tablet manipulation is shown in Figure 5.1. For the cut samples, the percent of
dosage form recovered was between 98% and 100% for all sample types. For the ground
and milled samples, the percent recovery varied from 72% to 84%. For high porosity
metoprolol tartrate tablets the percent recovery ranged from 75 to 77 %, and for low
porosity metoprolol tablets the percent recovery was 84% for milled samples compared to
72% for ground samples. For grinding, OxyContin® and Opana® yielded a 70 and 73%
percent recovery, respectively, which is slightly lower than the metoprolol tablets. The
percent recovery for milled drug product is greater than for the ground tablets.
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% Recovery

80
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1HC
1LC
7HC
7LC
CDC
MRC
1HM
1LM
7HM
7LM
CDM
MRM
7HG
7LG
1HG
1LG
CDG
MRG

0

Figure 5.1: The percent yield for each manipulation employed on each tablet. Samples are notated
by ABC where A represents the polymer molecular weight of 1E6 (1) or 7E6 (7), B the porosity
level of high (H) or low (L) porosity and C the manipulation method employed; Cut (C), Milled
(M), Ground (G). Drug products are designated as CD for OxyContin® and MR for Opana®
followed by G, M, C for the respective manipulation used for the samples. All samples shown as
n=10.
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MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
CDN
CDN
CDN
MRN
MRN
MRN
MTN
MTN
MTN
MTN
MTN
MTN
CDN
MRN

7HG
7HM
7HC
7LG
7LM
7LC
1HG
1HM
1HC
1LG
1LM
1LC
CDG
CDM
CDC
MRG
MRM
MRC
7PB
1PB
MTI
7GEL
1GEL
MTAR
CODE
MORP

7E6
7E6
7E6
7E6
7E6
7E6
1E6
1E6
1E6
1E6
1E6
1E6
unknown
unknown
unknown
unknown
unknown
unknown
7E6
1E6
NA
7E6
1E6
None
None
None

Polymer
Mw

Neat
API

Gel

Physical
Blend
IR Tablet

Opana®

OxyContin®

Prepared
Tablet

Type of
Sample
Ground
Milled
Cut
Ground
Milled
Cut
Ground
Milled
Cut
Ground
Milled
Cut
Ground
Milled
Cut
Ground
Milled
Cut
NA
NA
M&P
NA
NA
NA
NA
NA

Comminution
64
155
229
62
221
399
85
176
346
75
202
487
83
278
643
97
665
763
6
5
3

D(V, 0.1)
3
11
18
1
6
29
8
23
33
8
8
48
5
1
32
9
39
70
2
1
1

STDEV
(±)
221
371
731
182
450
867
221
411
840
200
436
933
197
549
1078
253
1072
1140
112
91
21

D(V, 0.5)
2
17
53
12
4
22
14
15
36
12
9
61
7
8
52
29
37
60
4
3
8

STDEV
(±)
524
689
1396
402
800
1490
461
751
1472
457
790
1528
446
979
1608
814
1599
1607
311
354
150

D(V, 0.9)

Particle Size (μm)

25
34
49
34
12
12
27
20
33
53
13
45
41
12
53
200
33
33
19
17
50

STDEV
(±)

2.08
1.44
1.60
1.89
1.29
1.26
1.71
1.40
1.34
1.91
1.35
1.12
1.85
1.28
0.90
2.82
0.87
0.74
3.37
3.11
7.33

Span

0.09
0.03
0.07
0.04
0.04
0.05
0.05
0.07
0.06
0.12
0.03
0.08
0.14
0.02
0.04
0.40
0.05
0.09
0.02
0.02
2.93

STDEV
(±)

particle size distribution span. IR stands for immediate release and M&P stands for mortar and pestle. Experimental sample ID
has an ABC assignment where A represents the molecular weight of the polymer, B the porosity level (20%) high (H) or 10%
- low (L) and C the manipulation technique used, ground (G), milled (M), or cut (C). OxyContin® and Opana® are abbreviated
as CD and MR respectively followed by the G, M, or C for manipulation method used. The prepared gels are abbreviated as
Gel prefixed with 1 or 7 for the corresponding Mw of PEO used for the gel preparation. The formulation blends are abbreviated
as PB with the PEO molecular weight

Table 5.1: List of samples and their sample ID included in the study with particle size values D(V, 0.1), D(V, 0.5), D(V, 0.9) and

API

Sample
ID

Initial
Tablet %
Porosity
20
20
20
10
10
10
20
20
20
10
10
10
unknown
unknown
unknown
unknown
unknown
unknown
NA
NA
10
NA
NA
NA
NA
NA

Sample Characterization

The error associated with percent recovery provides an indication of how
reproducible the manipulation method was. The cutting method produced a 2% standard
deviation as calculated from the 10 tablets tested, for metoprolol, OxyContin® and Opana®.
In contrast, milling and grinding produced a higher standard deviation for percent recovery
that varied depending on the tablet type. For grinding, the standard deviation was 5%, 9%
and 12% for the metoprolol, OxyContin® and Opana®, respectively, and for milling the
recovery standard deviation was 5%, 3% and 1% for metoprolol, OxyContin® and Opana®,
respectively. The larger range and upper maximum demonstrated higher variability with
the grinding manipulation method. This implies that an abuser would not experience a
consistent dosing each time they abuse a tablet.
The number of cuts made in 5 min and manipulation time was used to characterize
cutting and grinding, respectively see Figure 5.2A and Figure 5.2B. The number of times
the tablet was cut in 5 min offers an indication of how resistant an abuse deterrent tablet is
to cutting. A high cut number indicates a weaker tablet that is more readily broken down
by the applied cutting shear force. For instance, the number of cuts made in 5 minutes for
Opana® was significantly lower than for OxyContin®, see Figure 5.2A, indicating it is
much more difficult to reduce Opana® using diagonal pliers. In addition, more cuts of the
metoprolol tartrate tablets were counted in the 5 min period compared to OxyContin® and
Opana®, which demonstrates these tablets were not able to resist shear force from diagonal
cutters as well as the drug products. In addition, the cut number percent relative standard
deviation (RSD) ranged from 5% to 11% RSD for the different samples which offers some
level of precision to the method. In contrast, the time to grind the tablets (Figure 5.2B) had
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a 15 to 30 % RSD across the different sample types; the high % RSD is a disadvantage of
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1HG

7LG

450
400
350
300
250
200
150
100
50
0

7HG

Time (s)

# Cuts

this characterization method.

Figure 5.2: The number of cuts made in a 5 min period for each type of tablet (A) and time required
to grind a full tablet (B). Samples are notated by ABC where A represents the polymer molecular
weight of 1E6 (1) or 7E6 (7), B the porosity level of high (H) or low (L) porosity and C the
manipulation method, cutting (C) or grinding (G). Drug products are designated as CD for
OxyContin® and MR for Opana® followed by C and G for cutting and grinding respectively. All
samples shown a n=10.
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5.3.2. Particle Size of Comminuted Tablets
One key question in assessing an ADF is whether formulation variables or comminution
technique used is more critical in controlling the particle size of the resulting comminuted
tablet? This is an important question because energy differences in comminution
approaches can overwhelm formulation differences. The particle size distributions for all
comminuted samples were mono modal and normally distributed with very minor
distribution tails. Table 5.1 shows the D(V, 0.5) and span value for each type of sample.
Figure 5.3A-B shows a box plot for the formulation type and manipulation method,
respectively. These figures indicate that the metoprolol formulations produce smaller
particles when abused, while the OxyContin® and Opana® produced relatively larger
particles. Figure 5.3B, indicates that the method of abuse had the biggest impact on the
final particle size of the abused tablet. To analyze the data, a 2-way ANOVA test with
interaction terms was done using the R software program. The mechanical manipulation
technique had significant (ρ < 0.0001) impact on the resulting particle size distribution.
The formulation type and interaction terms were also significant, but had a larger p value
than the manipulation technique. As shown by Figure 5.3A, much of the formulation
significance resulted from the differences between the metoprolol tartrate tablets and
marketed drug product Opana® and OxyContin®.
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Figure 5.3: Box plots for the collective particle size of all manipulation methods for each sample
type (A) and the particle size for all samples produced by each manipulation method (B). Samples
are notated by AB where A represents the polymer molecular weight of 1E 6 (1) or 7E6 (7) and B
the porosity level of high (H) or low (L) porosity. Drug products are designated as CD for
OxyContin® and MR for Opana®.
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To study the effect of initial porosity and PEO molecular weight, Opana® and
OxyContin® were removed from the 2 Way ANOVA analysis with interaction terms. The
formulation type and manipulation technique were still significant, but the Tukey posthoc
analysis showed that only the 7H/1H, 7H/1L 7L/7H comparisons were significant with pvalues of 0.0048, 0.00001 and 0.001, respectively. These results imply that the difference
in PEO molecular weight and initial tablet porosity do not always have an impact on the
resulting particle size of the comminuted metoprolol tartrates. The manipulation technique
used to reduce the particle size is always significant.
The high porosity tablets 7HM, 1HM, 7HC, 1HC appeared to have smaller particle
size than the low porosity tablets 7LM, 1LM, 7LC, 1LC, see Table 5.1. When compared in
a t-test, the difference was only significant between the 7HM/7LM and 7HC/7LC
comparisons. The difference in particle size was not significant for the 1HM/1LM and
1HC/1LC comparisons. The metoprolol tablets that were ground did not have as great a
difference in particle size between tablets with high and low initial porosity. Despite this,
it is apparent that tablets with a high initial porosity will be reduced to a smaller size. This
is most likely because high porosity tablets would have less internal bonding between the
particles as compared to tablets with low initial porosity. In addition, the particle size
difference between ground metoprolol tartrate tablets, ground Opana® and ground
OxyContin® were considered insignificant by the t-test. These observations show that
initial tablet characteristics are not a significant factor when a manipulation technique
involves high intensity shearing such as grinding.

172

5.3.3. Characterization of API Release from Manipulated Tablets
In this section, the release of drug from the manipulated tablets obtained from the diffusion
studies will be discussed. The cumulative release of oxycodone HCl from comminuted
OxyContin® (Figure 5.4A), oxymorphone HCl from comminuted Opana® (Figure 5.4B)
and metoprolol tartrate from the comminuted tablet formulations with 1E6 Mw PEO (Figure
5.5A) and with 7E6 Mw PEO (Figure 5.5B) are shown. For the comminuted metoprolol
tablets the cumulative release was compared to the cumulative release of the neat
metoprolol tartrate, a physical blend of the metoprolol tartrate formulation (not compressed
or sintered), an IR comminuted tablet and a fully hydrated gel. For the comminuted
Opana® and OxyContin® tablets the cumulative release at 5 h was compared to the
cumulative release of the neat oxymorphone HCl powder and oxycodone HCl powder,
respectively.
5.3.3.1. OxyContin® release f2
The release curves for the comminuted Opana® and OxyContin® tablets demonstrate that
the cumulative release from comminuted tablets is much slower than from the neat API,
see Figure 5.4A-B, respectively. The vertical diffusion cell data clearly show the
differences in release due to type of comminution employed. For OxyContin ® (Figure
5.4A) the f2 statistic demonstrates that the cumulative percent release from both the cut
(f2=26) and milled (f2=30) samples are different from the release from the ground samples.
However, the milled and cut samples are similar in terms of cumulative release with a score
of f2=61. Interestingly, the release of oxycodone HCl from the ground tablet had the slowest
release over the entire 5 h period, even though the particle size was the smallest (Figure
5.4A and Table 5.1). We would expect the smallest particle to have the fastest release;
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however, perhaps the smaller particle size allowed the polymer to more quickly hydrate
and form a gel matrix that slowed the release of the oxycodone HCl compared to the milled
tablets. On the other hand, smaller particles could block the membrane more efficiently
than bigger particles. The cut tablets exhibited a slower initial release during the first hour
which was followed by a faster release than the milled samples between 1.5 h and 5 h.
5.3.3.2. Opana® release f2
The cumulative percent release curves for Opana® were all different depending on the
comminution technique employed, see Figure 5.4B. The milled (f2=5) and cut (f2=37)
samples differed in release from the ground tablets. The milled and cut samples showed
dissimilarity between each other with an f2=10 score. Like OxyContin®, the cut Opana®
samples exhibited a slower initial release than the milled samples between 0 and 1 h, and
between 1.5 and 5 h the release of the cut samples increased while the release of the milled
samples decreased (Figure 5.4B). In contrast, Opana® ground tablets exhibited the fastest
release over all. It is possible that the larger particle size of the ground Opana®, see Table
5.1, did not create the conditions for rapid PEO hydration and gel formation, which allowed
the API to diffuse before the gel formation; this is supported by the decreasing slope at
later times for the ground samples, see Figure 5.4B.
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Figure 5.4: Release rate of oxycodone HCl from comminuted OxyContin® tablets (A) and release rate of
oxymorphone HCl from comminuted Opana® tablets (B). Samples are notated by ABC where MR is used
for Opana® or CD for OxyContin® followed by the respective manipulation of grinding (G), milling (M),
cutting (C) or (N) for neat API. All samples shown as n=3.
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5.3.3.3. Metoprolol Tartrate release, f2
Metoprolol Tartrate 1E6 MW PEO release f2:
Cumulative release of metoprolol tartrate from the comminuted metoprolol tablets (Figure
5.5A-B) followed similar trends as OxyContin® and Opana® drug products, Figure 5.4AB. For the 1E6 MW PEO samples (Figure 5.5A) all the high porosity tablet release curves
were different from the low porosity tablets that were comminuted using the same method.
The f2 value was 32 for 1HG/1LG, f2 = 45 for 1HM/1LM, and f2 = 45 for 1HC/1LC
comparisons. For the high porosity tablets, the cumulative release from the cut samples
was different from the ground tablets (f2 = 25), and the milled tablets (f2 = 21). However,
the cumulative percent release for the milled metoprolol tablets was similar to the ground
release curves (f2 = 59). The cumulative release from the low porosity differed in that the
release of metoprolol from the milled samples was dissimilar to the release from the ground
tablets (f2 = 38) and from the cut samples (f2 = 44). However, for the low porosity level,
the release from cut metoprolol tablets was similar to the ground samples (f2 = 70).
Metoprolol Tartrate 7E6 Mw PEO release f2:
For the metoprolol tablets made with 7E6 MW PEO, the cumulative release of metoprolol
also varied depending on the comminution method employed and the initial porosity of the
tablet (Figure 5.5B). The release from the ground tablets was shown to be dependent on
porosity (7HG vs 7LG, f2 = 33), so was the release from the cut tablets (7HC vs 7LC, f2 =
31). The porosity level did not affect the release when the metoprolol tablets were milled
(7HM vs 7LM, f2 = 67). For the high porosity tablets, the milled tablets and cut tablets
exhibited different release profiles from the ground tablets with a f2 = 29 and f2 = 22,
respectively. The release of the milled tablets was similar to the release of the cut tablets
with a f2 = 50. When the tablets exhibited low initial porosity, all comminution methods
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yield similar release curves (7LG vs 7LM, f2= 96; 7LG vs 7LC, f2 = 52; 7LM vs 7LC, f2
=50).
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Figure 5.5: Release rate of metoprolol tartrate from experimental tablets formulated with 1E6 Mw
polyethylene oxide (A) and formulated with 7E6 Mw polyethylene oxide (B). Samples are notated
by ABC where A represents the polymer molecular weight of 1E6 (1) or 7E6 (7), B the porosity
level of high (H) or low (L) porosity and C the manipulation method employed; Cut (C), Milled
(M), or Ground (G). The controls are abbreviated as MT for metoprolol tartrate followed by (N)
for neat API, or I for immediate release tablet. The fully hydrated gel is represented by Gel and the
formulation blend is abbreviated by PB both prefixed with 1 or 7 for the corresponding Mw of PEO
used. All samples shown as n=3.
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Metoprolol 1E6 MW and 7E6 MW comparison f2:
The molecular weight of PEO used in the metoprolol tartrate tablets is a significant factor
in the release of metoprolol. Release of the metoprolol from the 1E6 MW PEO (Figure 5.5A)
was different from the 7E6 MW PEO (Figure 5.5B) in all cases except for the high porosity,
ground samples where 7HG vs 1HG were similar with a f2 = 54.
The release from the pre-made gel and physical blend, which were used as controls,
was faster than the comminuted tablets. Since the metoprolol is already dissolved in the
hydrated PEO gel, this data show that the PEO hydration plays an important role in the
release of the comminuted particles that have API embedded in their structure. The small
sample aliquot of 100 μL of gel may contribute to a thin layer of the sample forming on
the membrane allowing for a uniform, consistent release of metoprolol over a more evenly
spread out area of the membrane.
Further, the IR formulation exhibited release similar to that of the neat API and
even the physical blends showed faster release profiles than the comminuted samples
(Figure 5.5A-B). These results show that incorporation of PEO, compaction and sintering
decreased the release of the API. It may be that the tableting and sintering of PEO in the
dosage form aids in densification of PEO with metoprolol tartrate thereby affecting the
surface area of metoprolol freely available for fast diffusion at earlier time points.
The results show the vertical diffusion test can detect differences in drug release
due to formulation factors, such as initial tablet porosity and molecular weight of the PEO
used in the dosage form, the type of manipulation applied to the sample (cutting, grinding,
milling), and the type of drug product used (metoprolol tartrate tablets, Opana®, or
OxyContin®).
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5.3.4. Mechanism of release
In addition to determining release differences among different modes of abuse, and among
the different types of formulations, we used a model independent analysis to assess the
release from manipulated formulations.
For model independent methods, there are many ways to analyze the data (Table
5.2). For example, the dissolution percentage in the first 30 min (Q30), and the time it takes
for 20, 50 and 80% (t20%, t50% and t80%) of the drug to release have been reported in the
literature (Arias, Gines, Moyano, & Rabasco, 1996; Costa, Sousa, Pais, & Formosinho,
2003). The advantage of model independent methods is that a result can be retrieved
without model fit, which can be challenging and time consuming for complex diffusion
data. Table 5.1 shows that neat API, gels, IR tablets and the non-compressed, formulation
blends exhibited 20% release in less than 15 minutes. The marketed drug products, Opana®
and OxyContin® required at least 40 min to release 20% of API in comminuted form with
specifically ground OxyContin® and milled Opana® requiring over 2 h to release 20% API.
The release of 20% metoprolol tartrate from most of the
comminuted tablets only required 20 to 40 min.
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Table 5.2: Different methods to assess diffuion data using dependent and independent
models.
Name
Model dependent method

Equation
𝑀𝑡
= 𝑘𝑡 𝑛 ∶ 𝑛 = 0.5
𝑀∞

Fickian diffusion
Anomalous transport
Zero Order

Comments

𝑀𝑡
𝑀∞

= 𝑘𝑡 𝑛 : 0.5 < 𝑛 < 1.0
𝑀𝑡
= 𝑘𝑡 𝑛 ∶ 𝑛 = 1
𝑀∞

Model independent method
T20%
Statistical percentile
T50%

Statistical quartile

Gel swelling is not affecting
release rate
Gel swelling is affecting
release rate
Constant release rate

Early
release
most
important for abusers
Characterize time for half
drug to be released

The Q30min value is an indicator of how much drug is released in 30 min. In general,
the greater amount of drug rapidly released may be related to an end abuser’s high. Table
5.1 shows that all neat API controls, the metoprolol IR tablets and gels all experience
greater than 50% release within 30 min. The physical blends reduced the amount of drug
released in 30 min to below 50% and to 25% for sample 1PB and 7PB, respectively. All of
the comminuted samples, drug products and metoprolol tablets experience retarded release
with less than 30% of drug being released in 30 min. The ground OxyContin® experienced
only 7% drug release within 30 min resulting in an 82% reduction in drug release compared
to the neat API release. For ground Opana®, a 71% reduction in drug release compared to
the neat API was observed. The metoprolol tartrate tablets also exhibited significant
decreases in release, i.e., 56% and 75% reduction in drug release for the 1E6 and 7E6 Mw
PEO formulations, respectively. These decreases in release support further that
incorporation of PEO into the drug matrix will retard the release of API and further

180

processing such as compaction and sintering can result in further significant reductions in
drug release.
In contrast, the model dependent methods fit the diffusion data to a model, and then
model parameters are compared. For the analysis of drug release, the following models
have been reported in the literature: Noyes-Whitney, Nernst and Brunner Film theory, zero
order, first order model, Higuchi, Korsmeyer-Peppas model, Hixson Crowell, BakerLonsdale model and Weibull model to name a few (Costa et al., 2003; Dash, Murthy, Nath,
& Chowdhury, 2010). While some models are empirical, others are derived based upon
diffusion phenomena; an advantage of the modeling approach is that model fit can give an
indication of the mechanism of the release from the abused product.
For physical barrier ADF-type products that are abused then snorted dry, the first
step in drug release is the absorption of water by the particles; during this process, a certain
amount of free drug can be more rapidly released while the polymer slowly starts to hydrate
and form a gel. This absorption of water can change the properties of the matrix in which
the drug is distributed; this type of release is often called swelling controlled (Baker, 1987;
J. & H., 2008).
To determine if the release of API was dominated by a swelling control, or
anomalous diffusion mechanism, Equation 5.4 was used to calculate the value N that
provides information about the mechanism of release. As can be observed from Table 5.1
all samples that were cut exhibit anomalous diffusion indicating gel swelling affected the
release. The only exception was OxyContin® where the confidence interval was lowered
due to large errors resulting in a Fickian value (Peppas, 1985). Release from neat API,
release from the IR formulation, release from the gels, and release from the physical
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Model Independent
Sample
ID
Q30min t20 (min)
t50
(%)
7GEL
52
< 15
27
MRN
73
< 15
< 15
CDN
38
< 15
> 300
MTN
64
<15
17
MTI
60
<15
22
1GEL
57
< 15
22
1PB
44
< 15
41
CDM
15
52
> 300
CDC
12
61
> 300
1HG
23
25
114
1LG
28
20
90
1LM
22
27
107
7LG
18
35
174
1HM
20
30
137
7HM
17
40
194
MRG
21
76
108
7PB
25
47
89
7HG
22
27
109
CDG
7
150
> 300
1HC
24
25
78
MRM
14
136
186
7LM
16
41
173
MRC
17
40
99
7LC
14
43
148
1LC
18
34
96
7HC
10
71
204
> 300
75
> 300
> 300
117
> 300
106
> 300
> 300
> 300
> 300
>300
> 300
> 300
> 300
> 300
296
> 300
> 300
225
> 300
> 300
219
291
231
> 300

t80

Table 5.3: Model dependent release statistics
Model Independent
Average
Lower
Upper
Average Stdev (± )
R2
Type of
Regression Total Error
R2
Confidence Confidence
(N = 3)
(N=3)
± Stdev
Transport
Error
Interval
Interval
0.1968
0.0264
0.1122
0.1385
0.87
0.08
0.0583
0.3354
0.0970
0.0145
0.0189
0.0334
0.81
0.02
0.0636
0.1304
0.0997
0.0131
0.0228
0.0359
0.76
0.04
0.0638
0.1356
0.1378
0.0130
0.0312
0.0442
0.76
0.01
0.0936
0.1820
Fickian
0.2566
0.0568
0.0450
0.1019
0.83
0.08
0.1547
0.3584
0.2611
0.0342
0.0848
0.1190
0.89
0.08
0.1422
0.3801
0.4446
0.0431
0.0455
0.0886
0.94
0.01
0.3560
0.5332
0.4472
0.0358
0.0368
0.0726
0.96
0.02
0.3746
0.5199
0.6914
0.2130
0.0422
0.2552
0.97
0.03
0.4362
0.9467
0.5204
0.0267
0.0461
0.0728
0.95
0.02
0.4476
0.5931
0.5344
0.0449
0.0350
0.0800
0.97
0.01
0.4545
0.6144
0.5904
0.0564
0.0524
0.1088
0.95
0.02
0.4816
0.6992
0.6134
0.0954
0.0345
0.1299
0.98
0.01
0.4835
0.7433
Fickian or
0.5677
0.0368
0.0446
0.0814
0.96
0.02
0.4863
0.6491
Non0.6065
0.0704
0.0347
0.1051
0.98
0.01
0.5013
0.7116
Fickian
0.6264
0.0782
0.0418
0.1200
0.97
0.02
0.5064
0.7464
0.5808
0.0336
0.0380
0.0716
0.97
0.02
0.5092
0.6524
0.5980
0.0367
0.0339
0.0706
0.98
0.00
0.5274
0.6686
0.6055
0.0507
0.0222
0.0729
0.99
0.02
0.5326
0.6784
0.6616
0.0561
0.0623
0.1185
0.95
0.01
0.5431
0.7801
0.7124
0.1149
0.0445
0.1595
0.98
0.01
0.5530
0.8719
0.6625
0.0429
0.0373
0.0803
0.98
0.01
0.5822
0.7428
Non0.8213
0.1357
0.0509
0.1867
0.98
0.01
0.6346
1.0080
Fickian
0.8090
0.1264
0.0198
0.1462
1.00
0.00
0.6627
0.9552
0.8183
0.0285
0.0604
0.0889
0.97
0.01
0.7294
0.9071
0.8877
0.0703
0.0221
0.0923
1.00
0.00
0.7954
0.9801

mixtures demonstrated Fickian diffusion as expected. Accounting for error, the milled and

ground samples generally exhibited release that was not Fickian or Anomalous. This may

be because release could be dominated by different mechanisms at different time points.

182

5.3.5. Release Constant of API release from PEO matrix
The release constant of drug from the PEO matrix over 5 h was evaluated using equation
5.5. The release constant is useful to make quick comparisons with regards to formulation
effects on release. A higher slope value is related to large changes in mass transfer during
the diffusion period while smaller slope values indicate a slower release of drug over time,
see Table 5.4. The release constant change due to mechanical manipulation employed for
the metoprolol tablets is found to be statistically significant (p = 0.0003). The sample type,
involving PEO molecular weight and initial tablet porosity, was also found to be significant
(p = 0.0241). Specifically, for 7E6 Mw PEO, there were no significant differences in release
constant due to initial porosity (p = 0.7608) whereas for 1E6 Mw PEO the initial tablet
porosity was significant (p = 0.0498) in effecting the overall release constant.
The overall release constant of OxyContin® and Opana® drug products was
significantly affected by the product type (p = 0.0247) compared to the mechanical
manipulation method employed (p = 0.1594). This is expected since different drugs exhibit
different release constants. Comparing the release constant of the different comminuted
products by the t-Test, it was found that the release constant for ground Opana® was
significantly different from the release constant of cut and milled Opana®. Further, milled
and cut Opana® was found to also be significantly different when the t-Test was used for
comparison. For OxyContin®, the release constant of the cut tablets was significantly
different from the ground and milled tablets. However, the release constant for the ground
and milled tablets were not significantly different based on the t-Test. These comparisons
agree with the observations made with the f2 test.
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Table 5.4: Release rate over 5 h period

Release Constant(mg/cm2t)
STDEV
Sample ID
Slope
(±)
2.058
0.07
7HG
1.729
0.11
7LG
1.658
0.13
1HG
2.091
0.13
1LG
0.786
0.69
CDG
2.311
0.10
MRG
1.629
0.08
7HM
1.832
0.12
7LM
1.679
0.10
1HM
1.889
0.13
1LM
0.896
0.05
CDM
1.766
0.06
MRM
2.102
0.12
7HC
2.441
0.11
7LC
2.450
0.14
1HC
2.698
0.16
1LC
1.403
0.11
CDC
2.832
0.09
MRC
7PB
2.203
0.08
1PB
2.353
0.17

R2
0.97
0.91
0.88
0.92
0.85
0.96
0.95
0.92
0.93
0.94
0.94
0.97
0.93
0.95
0.93
0.93
0.87
0.98
0.97
0.89

Unexpectedly some of the milled samples exhibited lower release constants
compared to the ground samples. For instance, the milled sample for tablets made with 7E6
Mw PEO and compressed with high initial porosity had a significantly lower release
constant compared to the release constant of the same tablets that were ground instead. One
explanation for this trend may be that the small particles from the ground sample dissolved
quickly resulting in more rapid initial diffusion before the gel forms and controls the release
constant. For the larger, cut particles, the particles are not able to dissolve as quickly and
the subsequent formation of the gel prevents diffusion of the API until later time points,
which contribute to the large slope changes. The milled particles exhibit behavior that is
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somewhere between quick dissolution of the drug product for fast diffusion and late onset
of diffusion following the gel controlled release constant of the drug. These competing
mechanisms for control of drug diffusion may be the reason why the milled particles have
a lower release constant over the ground samples.
5.4. Conclusion
We offer a quick, simplified, reproducible model that may indicate an ADF’s potential to
curtail abuse by reducing the rate at which a drug is released from its formulation. We
presented several methods (f2 statistic, model independent analysis, and release constant)
in analyzing the data and comparing the results to an already marketed drug product as an
indicator of abuse deterrence performance. It was shown that the molecular weight of PEO
in the dosage form can affect the release of the drug product. Additionally, the initial
porosity of the starting tablet will have an impact on how the particle size of the tablet is
reduced during manipulation and will consequently impact the time duration for most drug
to be released. It is also shown that increasing the amount of shear force applied to the
tablet effectively reduced the significance of formulation composition and manufacture as
shown when three different ground drug products resulted in similar particle size.
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5.6. Appendix B
5.6.1. Effect of powder loading on release
Experiment 3: In Vitro Nasal Release of 30 %Metoprolol Tartrate,
70% PEO and 100 % Metoprolol Tartrate (N=2)
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Figure 5.6; Diffusion of Metoprolol at different dose strengths
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5.6.2. Effect of type of sample on release
Effect of neat metoprolol tartrate, a solution of metoprolol tartrate and a physical mixed
blend of 30% metoprolol with 70% PEO.
Total Average for Each Sample Type
(API & Solution, N = 4: Blend, N = 6)
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Statistics
for the above study
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Figure 5.7: Diffusion of different Metoprolol Formulations
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Table 5.5: Statistics for Figure 5.7

6. Semi-Quantification of Polyethylene Oxide in Opana® and OxyContin® Drug
Product by Near Infrared (NIR) Spectroscopy
6.1. Introduction
Evaluation of physical barrier abuse deterrent technology requires knowledge of the
material content present in the tablet matrix to make effective comparisons and evaluations.
Two commercial products, OxyContin® and Opana® have very similar inactive ingredients
in their formulations (Table 6.1) and they both license the same patent technology from
Grunenthal (US patent #8309060) for abuse-proof dosage forms. However, only
OxyContin® has FDA approved abuse deterrent labeling, whereas Opana®, at this date in
writing, has been formally requested to withdraw their product from the market. Despite
this, earlier differential scanning calorimetry results indicate that Opana® requires
significantly more thermal energy to deactivate the drug product’s gelling system than what
is required to deactivate the gelling system in OxyContin® (Appendix C: 6.5.1). Prior
studies have also indicated that polyethylene oxide imparts a significant role in the gelling
behavior and tablet hardness of ADF dosage forms. It is hypothesized that if the content of
polyethylene oxide differs between Opana® and OxyContin® then the concentration of
PEO is a potential reason for the differences in abuse deterrent properties observed between
these two similar drug products. Thus, determining the percent composition of PEO in the
dosage form is an important point to consider before evaluation.
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Table 6.1: Ingredient list for OxyContin® and Opana® drug products
Oxycodone HCl

Oxymorphone HCl

Butylated Hydroxytoluene

Polyethylene oxide

Hypromellose

Hypromellose

Polyethylene glycol 400

Alpha-tocopherol

Polyethylene oxide

Magnesium Stearate

Magnesium Stearate

Polyvinyl alcohol

Titanium Dioxide

Polyethylene glycol

-----------

Titanium dioxide

-----------

Macrogol

-----------

Talc

Due to PEO’s polymeric adhesive nature, lack of conjugated pi bonds, and its large
molecular weight, traditional quantification techniques (HPLC, GC, FPLC, UV-vis) are
not straight forward and can be difficult impossible. Therefore, near infrared spectroscopy
(NIR) was selected for the quantification of PEO. NIR is commonly employed in the
analysis of polymer materials because the repeat monomer structure of polymers creates
intense, strong signals in the NIR region (Ciurczak, Anderson, & Drennen, 2007). The NIR
method is also fast and will not destroy the sample.
While NIR can effectively quantitate polymers, there are some challenges and
concerns related to this study. One issue with this study was that we did not have access to
the active pharmaceutical ingredients (API), oxycodone HCl and oxymorphone HCl, at the
time of this study. Spectroscopically quantitating components of a matrix without all matrix
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components can be difficult. Further, we do not know the grades of PEO polymer used in
the commercial drug product which could potentially affect the outcomes of our result. It
has been shown in the literature that peak intensity in certain regions of the spectrum can
be correlated to chain length of the polymer (Ciurczak et al., 2007). In addition, we are
unsure of the other materials possibly dispersed in the tablet matrix (as opposed to the tablet
coating) and further what their material grades may be. This missing information could
potentially affect the overall conclusions and outcomes drawn from this study.
Despite these challenges, an overlay of the NIR spectra of OxyContin® and Opana®
drug product closely resembled the signature spectrum of 2E6 Mw PEO (Figure 6.1). It was
decided based on this information that the NIR spectra of PEO is so intense that it
dominates the effects of spectral variation due to other components in the tablet matrix.
Therefore, we hypothesized that we could determine the concentration of PEO in the drug
product by building a calibration curve with blends of PEO diluted in a NIR inactive filler
such as anhydrous dicalcium phosphate (DCP). Figure 6.2 shows an overlay of DCP with
PEO. DCP shows very little interference with the spectra of polyethylene oxide. The
calibration curve could then be used to predict the PEO content in Opana® and OxyContin®
drug products. This chapter is split into two sections to demonstrate the iterative nature of
the study.
6.2. The first attempt to quantitate PEO in OxyContin® and Opana® by NIR
spectroscopy
6.2.1. Materials and Methods
PolyoxTM (WSR N60, 2,000,000 Mw, Dow Chemical, Lot #YK0555S5M1) was combined
with DCP (JRS Pharma, Lot# 2047X) and hand mixed for 2 minutes in a ziplock bag.
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Several concentrations of PEO mixtures were prepared (20%, 30%, 40%, 50wt%, 60%,
70%, 80%, 90% w/w PEO) with DCP being added q.s.. Validation binary blends were
prepared with 52% w/w 63% w/w, and 77% w/w PEO content and DCP q.s..
6.2.2. Sample Preparations
Enough material from the blend was placed in a 4 mL glass vial to reach 1” in height. Care
was taken to ensure the blends were hand-mixed before samples were taken for the vials to
avoid segregation effects in the blend. In addition, for each blend, three tablets were
compressed at 8.9 KN on a 12-ton hydraulic Carver press (Wabash, IN, Model #3851).
6.2.3. Spectroscopy
A Foss XDS series diffuse reflectance spectrometer was used to acquire the spectra of all
samples used in this study. There were two sample sets for this study; tablets made from
the respective blends and also the blends themselves in the 4 mL vials. The spot size was
set to 9.5 to discourage stray light scattering effects. For each concentration of PEO, three
spectra were obtained. The three spectra for each concentration of PEO were averaged
together for both tablet and blend samples.
OxyContin® CII and Opana® CR drug products were presented to the NIR
spectrometer in several ways. The following presentations were used: a whole tablet, the
diametric cross-section of the tablet, the whole tablet with the coating removed using a
coarse emery board, and a tablet ground with a rotary tool at 15,000 RPM with the coating
removed using a coarse emery board. The ground tablet was presented in two ways, first
as a thin layer on a microscope slide and then in a 4 mL vial filled to the same depth as the
calibration blend samples. The ground tablets were presented in both ways since the ground
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powder from one tablet was not enough to obtain a 1” pathlength suitable for diffuse
reflectance measurements.
6.2.4. Multivariate Modeling
The calibration model was built implementing the use of the following pre-process
conditions: standard normal variate (SNV) (δ = 0.007), 1st derivative (15-point smoothing,
weighted tails) and mean centering (MC). These conditions assist in baseline corrections
amongst the spectra. Only the wavelengths between 1436 cm-1 to 2515 cm-1 were included
in the model. These wavelength regions correspond to PEO concentration peaks (Figure
6.3) and avoid regions with great variability due to moisture content. Figure 6.4 shows the
preprocessed wavelength region. Finally, the model was cross-validated with a “leave-oneout” approach. Two latent variables were selected for the model based on interpretation of
the eigenvalues plot, loadings plot, and system knowledge.
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Figure 6.1: NIR overlay of ground OxyContin® (green) and Opana® (blue) drug product
with neat 2,000,000MW PEO (red)

Figure 6.2: NIR Overlay of DCP (green) with polyethylene oxide (blue)

198

6.2.5. Results
Tablets of our PEO blends were initially selected as our sample calibration method to
represent the form of the drug product we are attempting to predict content from. However,
it was determined measuring tablet content by diffuse reflectance would not be appropriate
in this situation as complete blend uniformity would be difficult to acquire with the binary
components due to each materials’ ability to flow freely. Reliability analysis was conducted
to confirm this suspicion. To confirm we used the tablets as the calibration set and validated
them with their respective blends. If the tablets were completely uniform the prediction
should be 1 to 1 with minimal to no error. Also, by considering our dry blends as the
calibration and our tablet data set as the validation we should obtain the same results as the
first model. However, neither of these expected outcomes were obtained. Table 6.2 lists
the error associated with each model.

Figure 6.3: Raw spectra of selected wavelength regions for each PEO concentration
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Figure 6.4: Preprocessed spectra of selected wavelength regions for each concentration of
PEO blends.
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Table 6.2: Comparison of two models with the tablet sample set used as either the
calibration or validation. Root mean square error of calibration (RMSEC), root mean
square error of cross validation (RMSECV), root mean square error of prediction
(RMSEP), cross validation (CV).
Model 1
Calibration
Block:
Tablets
# Latent Variables

Model 2

Validation
Block:
Physical Mixture

Calibration
Block:
Physical
Mixture

Validation
Block:
Tablets

2

2

RMSEC

0.009199

0.005789

RMSECV

0.01416

0.009383

RMSEP

0.08396

0.06578

0

1.11E-16

0.0008299

0.001044

Prediction Bias

0.07172

-0.06280

R2 Calibration

0.9981

0.9993

R2 CV

0.9957

0.9984

R2 Prediction

0.9784

0.9951

Bias
CV Bias

From these results, it was decided to build our calibration model with the physical mixture
samples. The statistics for our final model using the physical blend are reported in Table
6.3. shows the corresponding linear curve with the validated samples.
The model was then used to predict the content of polyethylene oxide in our drug
products. Figure 6.6 shows the latent variable space with the calibration curve. All drug
product samples (i.e. OxyContin® and Opana® prepared in various ways) lay within the
95% confidence interval of this region. Furthermore, all drug product samples are lined up
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on the same vertical linear latent variable 1 axis. This indicates that we have 95%
confidence our drug product can be represented by our calibration binary blends and that
our model is robust enough to capture similar PEO concentrations despite difference in the
physical form, i.e. blends or tablet, the PEO is presented in.

Table 6.3: Statistics for linear correlation between PEO known concentration and NIR
predicted concentration.
# Latent Variables

2

RMSEC

0.005698

RMSECV

0.008885

RMSEP

0.01994

Bias

0

CV Bias

0.001065

Prediction Bias

-0.01382

R2 Calibration

0.9994

R2 CV

0.9985

R2 Prediction

0.9832
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Figure 6.5: Calibration curve with validation samples plotted. Validation
samples are colored and calibration samples are gray.

Figure 6.6: Scores plot of samples. Latent variable 1 scores vs Latent variable
2 scores. Blue circle indicates the 95% confidence interval of the latent
variable space. Drug product samples are red. Calibration samples are gray.
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Using the model, an attempt to determine PEO content in drug product was made.
Figure 6.7 shows the prediction of PEO content obtained for each type of drug product
sample presented. Opana® and OxyContin® drug products can clearly be discerned from
one another (as highlighted by the blue boxes). However, there were slight discrepancies
between whole tablet with removed coating and ground sample for both drug products. The
decision was made to use the ground drug product samples, as they are more similar to the
physical form of our physical mixture samples. Therefore, it was determined that
OxyContin® contained 55% w/w PEO in its formula and Opana® contained 40% w/w PEO
in its formula.
To confirm our prediction, a search through the patent literature and FDA excipient
database was conducted. Table 6.4 shows our predicted PEO content in OxyContin® and
Opana®, their respective tablet weight and claimed API dosage. From these values we were
able to predict 80mg dosage form of OxyContin® to have a PEO:API ratio of 1.78:1 and
the 40 mg dosage form of Opana® to have a PEO:API ratio of 2.2:1.
These ratios appear to agree with patent literature. US Patent# 8337888 states in
claim #18 that the ratio of PEO:API should be 1:1 to 30:1. This patent is in regards to
gelling agents used in abuse deterrent dosage forms and is assigned to Purdue Pharma.
OxyContin® is the only product listed in relation to this patent, so this ratio comparison
may only be valid for OxyContin®. US patent# 8309060 states in claim thirty-four that the
percentage of PEO in an abuse deterrent tablet containing a hardness of ≥500N should
contain minimally 30% w/w PEO. Both OxyContin® and Opana® are listed in relation to
this patent and the patent is assigned to Grunenthal. Our prediction of 55% w/w PEO in
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OxyContin® and 40% w/w Opana® meet the criteria listed in US patent # 8309060. This
information is presented in Table 6.5.

Figure 6.7: PEO content prediction plot for OxyContin® and Opana®
samples

Table 6.4: Predicted PEO content and predicted PEO: API ratio

OxyContin®
Opana®

Predicted
% w/w/
PEO
Content
55

API
Dosage
(mg)

Tablet
Weight
(mg)

80

40

40
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PEO:API
Ratio

260

Predicted
PEO Mass
in Tablet
(mg)
143

220

88

2.2:1

1.78:1

Table 6.5: Patent literature values of PEO in abuse proof dosage forms
Patent #

Claimed PEO:API Claim #

Assignee

Ratio
8337888

1:1 to 30:1

18

8309060

At least 30% w/w of 34

Purdue Pharma
Grunenthal

total dosage form

6.2.6. Conclusions
A NIR calibration model to semi-quantitatively predict the content of PEO in OxyContin®
was built. Using this model it was determined that OxyContin® had a API:PEO ratio of
1:1.78 whereas the ratio for Opana® was found to be 2.2:1. While there is no definitive way
to confirm the prediction, patent literature agrees well with the obtained values. Regardless
of whether exact values of PEO content were obtained or not, there does appear to be a
significant difference in PEO content between drug products. This model minimally
demonstrates this observation with some degree of confidence. It is of continued interest
to evaluate how the concentration of PEO plays a role in abuse deterrent properties of
ADF’s.
6.3. A second attempt to quantitate PEO in OxyContin® and Opana® by NIR
spectroscopy
A second attempt to quantitate the amount of PEO in drug products, OxyContin® and
Opana® by NIR was attempted again. This time the role PEO M w was investigated to
determine if the Mw of PEO had a role in the model validity and prediction power. In
addition, an attempt to discriminate the grade (MW average) of PEO used in OxyContin®
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and Opana® drug products by NIR. It was hoped that if differences were found between
grades of PEO used in each drug product and content of PEO used in the formulations that
these differences would influence the observed AD performance of the products.
6.3.1. Materials & Methods
Different grades of PEO were mixed with an inert filler, DCP (JRS Pharma, Lot# 2047X).
The following grades of PEO were used, (WSR N60K, 2,000,000 MW, Dow Chemical,
Lot# 2F1455s5M1), WSR 301-NF (4,000,000 MW, Dow Chemical, Lot#500555s5B1),
WSR Coagulant (5,000,000 MW, Dow Chemical, Lot # 2D0855S5C4), WSR303
(7,000,000 MW, Dow Chemical, Lot# 2L3055s5R3). A 10 g batch size was selected and
PEO and DCP were combined in varying ratios of PEO content (20%, 30%, 40%, 50%,
60%, 70% w/w PEO). DCP was added q.s.. The powders were vigorously hand mixed in a
bag for two minutes. Enough material from each blend was then placed in a 4 mL vial to
be scanned by NIR. Three vials were prepared for each blend. The NIR spectrum of each
blend was collected as detailed in 6.2.3.
6.3.2. Results
A partial least square (PLS) linear regression model was created with good correlation
observed between measured PEO content and PEO content predicted by NIR. The
wavelength region selected for the model was 1139 cm-1 to 1638 cm-1. The following
preprocessing conditions were used: standard normal variate, 1st derivative (15pts,
weighted tail), and mean centering. This prediction is shown in Figure 6.8 with a R2 value
of 0.99.
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Figure 6.8: Linear Calibration for DCP and PEO blends for 7,000,000,
5,000,000, 4,000,000 and 2,000,000 MW PEO

The scores plot in Figure 6.9 shows a clear trend where latent variable 1 axis represents
98% of the sample variability that can be described by the percentage of PEO content in
each sample. The same sample space is shown again in Figure 6.10 where the legend shows
the grouping by PEO MW. There appears to be a slight difference in 2,000,000 MW PEO
compared to the other grades of PEO represented by the latent variable axis 2. However,
no clear differences in NIR spectrum of the different grades was notable, and therefore, no
distinct differences in PEO grade were observable for the drug products.
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Figure 6.9: PCA Latent variable space of blend mixture by %PEO
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Figure 6.10: PCA Latent Variable Space by PEO MW
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Figure 6.11: PCA Latent variable space by % w/w PEO with OxyContin(R)
and Opana(R) drug products overlaid

Figure 6.11 shows the drug products scanned a variety of ways (ground, intact, coating
shaved off). The OxyContin® and Opana® drug products appear to fall in a vertical line
around the 30% and 40% w/w PEO blends but no clear observable trends were noted with
regards to the MW grade of PEO.

Table 6.6: Second prediction of PEO content in drug products
Predicted
API
PEO Content Dosage
OxyContin® 48wt%

80 mg

260 mg

Predicted
PEO:API
PEO Mass Ratio
in Tablet
125 mg
2.08:1

Opana®

40 mg

220 mg

80 mg

36wt%

Tablet
Weight
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2.75:1

Table 6.4 and Table 6.6 show the content of PEO predicted in the OxyContin® and Opana®
drug products from the original study compared to the current prediction. Incorporation of
different MW grades of PEO resulted in an increase to the API:PEO ratio prediction for
both products. This implies that the PEO Mw greatly influences the prediction model and
the second prediction may be more accurate than the first since the different high Mw PEO
grades are included in the model. The overall ratio of PEO:API was consistently higher in
Opana® than for OxyContin® which may contribute to Opana® being more difficult to
produce fine powders in physical manipulations.
6.3.3. Conclusions
There was no clear identification of PEO MW used in each drug product by principle
component analysis. While prediction of PEO content in each drug product appeared to be
successful there is no way to definitively confirm our results. To improve the model
reliability, incorporation of the API and other raw materials found in the drug product
would be suggested. In addition, blends that incorporate mixtures of different PEO M w
could be included as it is possible that multiple grades of PEO were used in the drug
products. Finally, it is clear there is a difference in PEO:API ratio used in each drug
product. The fact that Opana® was estimated to have more PEO to API than OxyContin ®
may be one reason why the Opana tablets are more plastic and resistant to physical
manipulation as demonstrated in Chapter 5.

211

6.4. Chapter 6 References
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6.5. Appendix C
6.5.1. DSC of heat treated OxyContin® and Opana®
HT = heat treated.
When the drug products are heated to 100°C, the PEO endothermic melting event shifts
from 60 to 49°C for OxyContin® where it does not shift at all for Opana®. Even when
Opana is heated to 200°C, the PEO endothermic event only shifts a few degrees to 55°C.

Figure 6.12: DSC of heat treated Opana® and OxyContin®
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7. Chapter 7: Summary and Future Directions
The understanding of current abuse deterrent technologies and the development of in vitro
test methods and evaluation tools is essential towards the progression of abuse deterrent
technologies. Better test methods and evaluation strategies are also essential to aid in the
development of generic abuse deterrent technologies. This dissertation has examined the
physical barrier type abuse deterrent technology. Specifically, this dissertation investigated
the mechanism of polyethylene oxide sintering and the respective variables (tablet solid
fraction, sintering duration, polymer composition, polymer grade) that can affect the final
tablet microstructure and its resulting tensile strength.
This dissertation has also used NIR as a tool to monitor the sintering process. The
applications of this assessment include determination of the sintering end point during
manufacture for use in process analytical applications as well as to assess tensile strength
of these complex dosage forms. Finally, this dissertation proposes an in vitro test method
to evaluate a formulation’s ability to deter abuse by nasal insufflation and demonstrates the
method’s ability to discriminate between formulations that have been comminuted in
different ways (particle size effect). The first part of this dissertation highlighted several
techniques used to characterize the viscosity of PEO. One future direction in this area
would be to conduct induced polymer decomposition studies that analyzes the degradants
and harmful materials present if a polymer, such as PEO, is heat treated in an abuse type
situation. Knowledge of harmful toxins may be enough of a deterrent for people not to
inject deadly materials.
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The next chapter in this dissertation elucidated a mechanistic understanding of how
sintering of PEO can alter the tablet microstructure and how these changes impacted the
tensile strength was observed. A further study in this area would be to assess whether
sintering under compaction can occur. The data in this dissertation indicates this
phenomenon may be occurring and further studies are warranted. This could be an
important variable to understand especially if it affects the final product AD properties
Another aspect of this dissertation involved the assessment of two different types
of spectroscopy, transmission Raman and NIRs, to evaluate tensile strength increase of
sintered polyethylene oxide used in abuse deterrent tablets. One challenge of physical
barrier ADP s that tablet strength determination of this tablets is difficult to do with
traditional methods. This study successfully predicted tensile strength of a ductile tablets
(due to polyethylene oxide) using spectroscopy. One potential application of this study is
that NIRS and Raman can be used to monitor the proper end point of sintering during
manufacture. One future study would be to assess the sintering in real time by inserting a
probe in the oven that could monitor this effect. One such challenge to this approach would
be to consider that tablet expansion occurs during sintering and will affect the spectral
baseline shift which is essentially to the analysis of this data. Also the use of pyrobutton
data loggers to monitor the exact temperature in the oven at various positions in the oven
could evaluate how significant of an effect heating non uniformity is on final tablet
properties. This would especially be an important study when sintering the tablets at the
lower sintering time points.
Finally, the development of an in vitro test method to evaluate a formulation’s
potential to reduce nasal insufflation provides several opportunities for future studies. The
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test method demonstrates discrimination of subtle formulation differences such as particle
size of the comminuted dosage form. The model is simple enough that anyone could have
access to the equipment and with standardized procedures for use. However, there are
further points worth considering that future studies could warrant. For one, it would be
worthwhile to determine if the VDC proposed in this study is simple and representative
enough of in vivo data. For example, should modeling the act of snorting the dosage form
to factor in inertial impact of diffusion be an important parameter? Whether this is an
important step to capture in vitro to obtain proper in vitro in vivo correlation (IVIVC)
remains to be answered.
Another question to consider with the VDC model for nasal insufflation would be
whether the particle size of the comminuted dosage form is a significant factor in vivo? A
study that elucidates whether the pharmacokinetic, pharmacodynamic (PKPD) profiles of
different comminuted dosage forms in vivo are similar would answer whether or not
different comminuted formulations should be required to be tested in vitro. It would also
be of interest to determine how formulation factors that show different release profiles in
vitro demonstrate in vivo differences in PKPD profiles. If there are no differences, perhaps
the only necessary in vitro characterization of the physical barrier tablets would involve
the desirability of snorting the particles and whether they create an irritating sensation in
the nose. Establishing what type of significant in vitro testing is relevant could be important
in the development of generic opioid abuse deterrent products.
Another important question to ask for future studies related to the VDC would be
to determine what a significant marker of abuse deterrence in vitro would look like. This
marker could be the percent of drug released in vitro at 30 min or it could be a
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characterization of the release mechanism (swelling or non-swelling) of the comminuted
tablets. Perhaps studies that investigate polymer bioadhesion to nasal mucosa could be a
valuable tool in establishing in vitro markers as they relate to a formulation’s abuse
deterrent properties. In effect, studies that evaluate suitable in vitro markers would be of
value. Other areas of interest related to the VDC method would be to look at diffusion with
different synthetic membranes and to model the moving boundary problem of the hydrating
comminuted particles in the nasal mucosa and how that affects absorption
Finally, development of in vitro test methods that can capture abuser type forces
are needed. Forces fall into either shearing or stressing and can be captured by equipment
such as an Instron or tribology respectively. Correlating force studies used on these pieces
of equipment to those forces used by abusers in real abuse applications, such as with the
rotary tool or pliers would be a useful step towards eliminating redundant and nonreproducible testing and replace it with reproducible, and accepted testing practices.
Abuse deterrent formulations represent an interesting and unique challenge due to
the inherent moving target of the patient abuser and misuser. However, continued study
and understanding of these formulations and development of in vitro techniques would
greatly encourage the development of generic abuse deterrent formulations.
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