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Abstract

Background and Objective Extended-release (ER) opioids
are associated with high rates of abuse. Recreational opioid
users often manipulate ER formulations to achieve a high
plasma concentration in a short amount of time, resulting in
a more rapid and intense high. Patients may also manipu-
late ER tablets to facilitate swallowing, without recogniz-
ing that manipulation could increase release rate. The goal
of this study was to assess the ability of oxycodone
DETERx (Xtampza® ER, Collegium Pharmaceutical, Inc.,
Canton, MA, USA) and other commercially available ER
opioid formulations with and without physicochemical
abuse-deterrent characteristics to be manipulated by
crushing in an in vitro setting.

Methods In vitro dissolution techniques were used to
compare the opioid release from a variety of ER opioid
formulations. Dissolution was assessed for intact and cru-
shed dosage forms. Opioid release was quantified using
high-performance liquid chromatography.

Results Intact formulations exhibited drug release rates
characteristic of 12- or 24-h dosage forms. After crushing
using commonly available household tools, only Xtampza
ER maintained ER of opioid.

Conclusions Xtampza ER maintained its ER characteris-
tics after crushing, unlike many other commercially
available opioid formulations, including some formulated
with abuse-deterrent properties. As such, Xtampza ER may
be less appealing to abusers and offer a margin of safety for
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patients who manipulate dosage forms to facilitate
swallowing.

Key Points

When assessed using in vitro dissolution techniques,
Xtampza® ER (oxycodone DETERx®), an abuse-
deterrent formulation of oxycodone, maintained its
extended-release characteristics after crushing with
commonly available household tools.

Other commercially available extended-release
opioids, including some formulated with abuse-
deterrent properties, did not maintain their extended-
release properties after crushing. The distinguishing
features of the Xtampza ER formulation make it less
susceptible to crushing.

Xtampza ER may be less appealing to abusers and
offers a margin of safety for patients who manipulate
dosage forms to facilitate swallowing.

1 Introduction

Extended-release (ER) opioids are used for the manage-
ment of pain severe enough to require daily, around-the-
clock, long-term treatment. However, because they contain
a relatively high opioid dose per tablet or capsule, ER
opioids are attractive to recreational opioid abusers [1]. To
achieve a more rapid high, a recreational opioid user may
manipulate (e.g. crush) ER opioids to increase the surface
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area and the amount of drug available for immediate
release [2]. In addition, ER formulations may pose a safety
threat to patients even if they do not intend abusing the
drug. For example, patients may misuse ER opioids by
cutting or crushing them to facilitate swallowing, thus
putting themselves at risk of exposure to rapid release of
opioid. Although different approaches have been used to
combat abuse of ER opioid formulations, including the
development of “crush-resistant” tablets and agonist/an-
tagonist formulations, these approaches do not entirely
deter abuse, nor do they all offer protection for patients
who misuse the drug via manipulation [3]. For example,
reformulated OxyContin®  [oxycodone hydrochloride
(HCI), Purdue Pharma, Stamford, CT, USA] was intro-
duced in 2010, and although there was a decrease in abuse
of OxyContin via snorting and injecting, abuse via these
routes is still reported [3-5]. Additionally, many recre-
ational opioid users still abuse OxyContin by manipulating
the formulation prior to oral administration (e.g. chewing,
dissolving in the mouth) [5, 6]. Further, OxyContin and
other abuse and non-abuse-deterrent formulations all carry
language in the boxed warning against crushing/chewing,
as it can lead to rapid release of opioid and potentially fatal
opioid exposure [4, 7-14].

Xtampza® ER (Collegium Pharmaceutical, Inc., Canton,
MA, USA) is an ER oxycodone formulation that uses the
DETERx® (Collegium Pharmaceutical, Inc., Canton, MA,
USA) technology [15-17]. Xtampza ER is a microsphere-
in-capsule formulation in which each microsphere contains
oxycodone homogeneously dispersed within a hydrophobic
matrix of fatty acids and waxes. Xtampza ER is designed to
be abuse deterrent, with each microsphere functioning as
an individual abuse-deterrent, ER, drug-delivery system
[15-17]. Xtampza ER is the only opioid formulation
available without a boxed warning against crushing or
chewing [16]. In vitro studies have previously shown that
Xtampza ER is less susceptible to the effects of grinding,
crushing, and extracting using many commonly available
beverages and solvents when compared with immediate-
release (IR) oxycodone and OxyContin [18-20]. Pharma-
cokinetic studies have demonstrated that manipulation of
Xtampza ER by crushing or chewing does not increase the
peak plasma concentration (Cyy,x) or time to Cypax (Tinax) of
oxycodone, indicating that Xtampza ER maintains its ER
properties after manipulation [19, 21]. Intranasal adminis-
tration of crushed Xtampza ER does not result in higher
Cinax than that of orally administered Xtampza ER [22].
Further, intranasal administration of crushed Xtampza ER
is associated with significantly lower mean “drug liking”
and “take drug again” scores when compared with intra-
nasal administration of crushed IR oxycodone [22]. In
addition, oral administration of chewed and intact Xtampza
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ER has been shown to have a lower abuse potential than
oral administration of crushed IR oxycodone [23].

Results from prior studies have demonstrated that
Xtampza ER maintains its ER profile after manipulation to
a greater degree than does OxyContin [19-21]. The goal of
this study was to assess the susceptibility of Xtampza ER
and other commercially available ER opioid formulations,
including some formulated with abuse-deterrent properties,
to crushing in an in vitro setting. These data have impli-
cations for both opioid abuse and misuse.

2 Methods
2.1 Particle Size Reduction

The following ER opioid products were compared: oxy-
codone DETERx 36-mg (equivalent to 40 mg oxycodone
HCI) capsules (Xtampza ER), oxycodone HCl ER 40-mg
tablets (OxyContin), morphine sulfate ER 100-mg capsules
(Kadian®, Actavis Pharma, Inc., Parsippany, NJ, USA) [7],
morphine sulfate ER 100-mg tablets (MS Contin®, Purdue
Pharma, Stamford, CT, USA) [10], oxymorphone HCI ER
40-mg tablets (Opana® ER, Endo Pharmaceuticals, Inc.,
Malvern, PA, USA) [8], generic oxymorphone HCl ER
40-mg tablets (Impax Laboratories, Inc., Hayward, CA,
USA) [9], hydromorphone HCI ER 32-mg tablets (Exal-
go®, Mallinckrodt Brand Pharmaceuticals, Inc., Hazel-
wood, MO, USA) [11], generic hydromorphone HCI ER
16-mg tablets (Watson Laboratories, Inc., Corona, CA,
USA) [13], and hydrocodone bitartrate ER 50-mg tablets
(Zohydr0® ER, Pernix Therapeutics, LLC, Morristown, NJ,
USA) [12]. The highest marketed dose strength for each
ER opioid was generally studied with the exception of
OxyContin, which was tested at the 40-mg dose strength to
directly compare its performance with Xtampza ER, and
both Kadian and MS Contin, which were tested at a
100-mg dose, although a 200-mg dose is available for each.

The ability to reduce particle size was qualitatively
assessed using five different tools (all commonly available
household items). The selected tools cover a range of
possible manipulation techniques, including pulverizing,
chopping, grinding, grating, etc. (all methods are referred
to as “crushed”). The identity of the specific utensils used
is concealed due to public health concerns. All capsule
dosage forms were opened first and the contents of the
capsules were crushed. Each manipulation method was
applied for 2 min, where possible; a shorter duration of
manipulation was used when particle size reduction was
complete and it was no longer possible to apply the utensil
to the product. Qualitative observations of particle size
reduction (i.e. crushing) were made, noting whether or not
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a given tool produced particle size reduction and which
tools produced the finest particles. The percentage yield
was determined for each dosage form by measuring weight
before and after particle size reduction.

Dissolution was performed on intact products and on
crushed products. For Xtampza ER and OxyContin, results
from a previous in vitro particle-size reduction and disso-
lution study are presented [19]; the best tools for each
respective product were determined based on the percent
increase in the in vitro dissolution release rate and the
percentage recovery. For the remaining products, dissolu-
tion was performed using the two best tools identified
based on qualitative observations of particle size reduction
and the percentage recovery (note that the two tools could
be different for each product). Six replicates were tested for
each product and each condition (intact and crushed).
Dissolution data are presented for the most effective tool
for each respective product as determined in dissolution
studies.

2.2 Dissolution Methods and Analysis

The dissolution medium, medium volume, and sampling
time points used to test the various ER products were based
on the FDA-recommended dissolution method database
[24]. A summary of the dissolution conditions is presented
in Table 1. A Distek dissolution Apparatus 2 (paddles)
with an autosampler (Distek, Inc., North Brunswick, NJ,
USA) was used for both intact and crushed dosages. USP
Apparatus 2 (paddles at 50 RPM) was used for all products
due to the difficulty in adding crushed product to a USP
Apparatus 1 (basket). Samples were separately tested in the
designated dissolution media at 37 °C, and samples were
collected at varying time points with an autosampler
(Distek 4300) to give a dissolution profile. For

Table 1 Dissolution parameters

encapsulated products, dissolution was performed on the
capsule contents directly without the capsule.

Samples were analyzed by high-performance liquid
chromatography (HPLC; 1200 series, Agilent Technolo-
gies, Santa Clara, CA, USA) for oxycodone using a 4.6-
mm X 50-mm, 2.6-pm, 100-A Kinetex® CI18 column
(Phenomenex, Inc., Torrance, CA, USA), a mobile phase of
30 mM hexanesulfonate buffer to acetonitrile (78:22), and
a flow rate of 1.5 mL/min. The monitoring wavelength was
225 nm. Samples were analyzed for morphine sulfate using
a 3.9-mm x 300—mm, u-Bondapak® C18 column (Waters,
Milford, MA, USA), a mobile phase of 30 mM hexane-
sulfonate buffer:methanol:acetic acid buffer (72:28:1), a
flow rate of 1.3 mL/min, and a monitoring wavelength of
284 nm. Samples were analyzed for oxymorphone HCI
using a 4.6-mm x 50-mm, 3.0-pm Gemini® NX C18
column (Phenomenex, Inc.), a mobile phase of 30 mM
sodium hexanesulfonate buffer to acetonitrile (84:16), a
flow rate of 1.2 mL/min, and a monitoring wavelength of
225 nm. Samples were analyzed for hydromorphone HCI
using a 4.6-mm x 150-mm, 5-um Zorbax® C18 column
(Agilent Technologies, Santa Clara, CA, USA), a mobile
phase of sodium dodecyl sulfate with glacial acetic acid
buffer to acetonitrile (33:17), a flow rate of 2.0 mL/min,
and a monitoring wavelength of 280 nm. Samples were
analyzed for hydrocodone using a 4.6-mm x 50-mm, 2.6-
pm Kinetex C18 column (Phenomenex, Inc.), with a
mobile phase of 30 mM sodium hexanesulfonate buffer to
acetonitrile (78:22), a flow rate of 0.5 mL/min, and a
monitoring wavelength of 280 nm.

The dissolution profiles were compared graphically and
using descriptive statistics. The percent of opioid released
over time and the percent difference in average dissolution
between crushed and intact formulations were calculated
and compared across formulations.

Drug product

Dissolution medium (volume)

Sampling times, h

Xtampza® ER (oxycodone DETERX) pH 4.5 acetate with 0.03% Tween 20 (900 mL) 0.25, 1, 2, 4, 8, 12, 16, 20, 24
OxyContin® (oxycodone ER) Simulated gastric fluid (900 mL) 0.25,1,2,4,6,8, 12
MS Contin® (morphine sulfate) Deaerated deionized water (900 mL) 0.25,1,2,3,6,9, 12
Kadian® (morphine sulfate) 0.1 N HCI (500 mL) for 1 h/pH 7.5 phosphate 0.25,1,2,4,6,9

buffer (500 mL) for 8 h
Opana® ER (oxymorphone ER) pH 4.5, 45 mM phosphate buffer (900 mL) 0.25,1,2,4,6,8, 10
Generic Oxymorphone HCl1 ER pH 4.5, 45 mM phosphate buffer (900 mL) 0.25,1,2,4,6,8, 10
Exalgo® (hydromorphone ER) Deionized water (900 mL) 0.25,1, 2, 4, 6, 8, 10, 12, 16, 20, 24
Generic Hydromorphone HC1 ER Deionized water (900 mL) 0.25, 1, 2, 4, 6, 8, 10, 12, 16, 20, 24
Zohydro® ER (oxycodone ER) pH 6.8 phosphate buffer (900 mL) 0.25,1,2,4,6,8, 12

ER Extended release
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3 Results
3.1 Particle Size Reduction

For tablets (OxyContin, MS Contin, Opana ER, generic
oxymorphone HCI ER, Exalgo, and generic hydromor-
phone HCI ER) and bead-in-capsule products (Kadian and
Zohydro ER), the ability of the various tools to reduce the
particle size of the dosage forms was visually apparent.
Xtampza ER, a microsphere-in-capsule formulation, had a
significantly smaller starting particle size (median particle
size of ~300 microns), and the effectiveness of crushing
was not readily visually apparent because of the small
starting particle size. Figure 1 shows the appearance of the
various products when crushed with the most effective of
the five applied tools.

As the crushing of Xtampza ER microspheres could not
be visually assessed, the particle size before and after
crushing with the five tools was measured using a laser
diffraction technique, as reported previously [19]. None of
the tools produced a meaningful decrease in median par-
ticle size for Xtampza ER. For all other products, at least
two tools among the five tested were able to reduce the
dosage forms to small particles. Formulations designed to
be crush resistant (OxyContin and Opana ER) were
effectively reduced to small particles (similar to Fig. 1) by
three (OxyContin) or two (Opana ER) tools; other tools

Xtampza® ER OxyContin®
Intact
Manipulated
Zohydro® ER Kadian®
Intact
Manipulated

were ineffective or were able to reduce the tablets only to
large fragments. MS Contin and generic oxymorphone
tablets were readily crushed into a powder with all five
tools. The other products (Zohydro ER, Exalgo, generic
hydromorphone tablets, and Kadian) could be manipulated
into finer particles with four of the five tools tested, and did
not provide any meaningful degree of crush-resistance on
manipulation.

3.2 Dissolution of Intact and Manipulated
Extended-Release Opioids

When assessed as intact formulations, all formulations
demonstrated ER dissolution profiles (Fig. 2). The 12-h
formulations (Xtampza ER, OxyContin, generic Oxymor-
phone ER, Opana ER, MS Contin, and Zohydro ER)
achieved 80-100% of opioid released after approximately
12 h of dissolution. The 24-h formulations (generic
Hydromorphone ER and Exalgo) reached >90% of opioid
release after approximately 24 h of dissolution. Kadian,
which is indicated for dosing either every 12 or 24 h,
exhibited an opioid-release profile consistent with products
indicated for dosing every 12 h.

The calculated differences in average percent drug
release for manipulated versus intact conditions during
early timepoints of the dissolution study are shown in

Fig. 3. Manipulated opioid formulations generally
Generic
MS Contin® Opana®ER Oxymorphone HCI ER

5

Generic
Hydromorphone HCI ER

Exalgo®

Fig. 1 Photos of intact and manipulated opioids. The tool that was most effective at crushing each product was used for the images of

manipulated products

A\ Adis



In Vitro Crushing Comparison of Opioids 1121
Fig. 2 Dissolution profiles of 110 ~
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demonstrated very different dissolution profiles from those
observed when they were intact. Most of the crushed opioid
formulations released >60% (range 60-88%) more opioid
after 15 min of dissolution compared with intact formula-
tions. In contrast, manipulated Xtampza ER released just
10% more opioid after 15 min of dissolution compared
with intact Xtampza ER. Similar results were observed
after 1 and 2 h of dissolution, where crushed Xtampza ER
released an average of 17% more opioid, and all other

(crushed - intact)

Percent difference in average dissolution

8 10 12 14 16 18 20 22 24

1.00

Time, h

Xtampza®ER

OxyContin®

MS Contin®

Opana®ER

Generic Oxymorphone HCI E
Zohydro®ER

Kadian®

Exalgo®

Generic Hydromorphone HC

2.00

crushed opioid formulations released 50-97% more opioid
when crushed than when intact.

Figure 4 displays the percent opioid released in disso-
lution over the first 15 min in vitro, comparing manipulated
to intact dosage forms. Only Xtampza ER maintained a
slow release of drug early in the dissolution time-course
with 23% released at 15 min when manipulated. All other
opioid formulations released 67-100% of opioid after only
15 min of dissolution.
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Fig. 4 Dissolution profiles of
intact versus crushed extended
release (ER) opioid products.
The mean (& standard 90 -
deviation) percent of the total
amount of opioid release over
15 min is shown
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4 Discussion

Recreational opioid users frequently target ER formula-
tions because of the high quantity of opioid in each dose
[1]. Crushing a susceptible ER formulation before oral or
other routes of administration can increase the bioavail-
ability of the opioid, making it similar to that of an IR
formulation [21]. The accelerated absorption of opioid
leads to a more rapid high [2].

It is thought that nonmedical use of prescription opioids
often begins with oral administration of the intact pill and
that drug abusers evolve their habits to use more efficient
routes of administration (e.g. manipulation prior to oral
ingestion, then intranasal or intravenous use, both of which
require manipulation prior to abuse) [25]. Thus, there is a
need for ER formulations that interrupt the “abuse trajec-
tory” before progressing past the oral-abuse phase.

In addition to being manipulated for abuse, ER opioids
may also be manipulated by patients or their caregivers, not
to get high, but for any number of reasons, including to
allow ease of swallowing [26]. Crushing of ER formula-
tions to facilitate administration may inadvertently put the
patient at risk of exposure to rapid release of drug, potential
withdrawal, or limited pain control [4, 7-13], but the
dangers of this practice are not always appreciated by
patients and caregivers [26]. Taken together, abuse and
misuse of ER opioids via product manipulation is an
important public health issue that is not adequately
addressed by many current treatment options.

A\ Adis
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ER opioid tablets that incorporate crush-resistant prop-
erties are still vulnerable to manipulation by common
household tools that can be used to break down the tablets
into smaller particles [19, 21, 27]. As such, the boxed
warnings of opioids, including all crush-resistant tablets,
commonly include language instructing patients to swallow
tablets/capsules intact and whole (i.e. not to crush or chew
the product before ingesting) [4, 8, 11, 12, 14]. Notably, the
prescribing information for Xtampza ER does not include a
statement regarding swallowing the capsule whole (i.e. not
crushing, breaking, or chewing) in its boxed warning [16].

Although some crush-resistant products (e.g. OxyCon-
tin) have curbed abuse to a certain degree, there are still
reports of oral abuse, including manipulation of the drug
prior to oral abuse [5, 6, 26, 28]. As the current study has
demonstrated that a variety of household tools were cap-
able of crushing several formulations, one might expect
that OxyContin, as well as other opioid formulations with
or without crush-resistant technology, may still be manip-
ulated prior to oral abuse.

In vitro dissolution results demonstrated that Xtampza
ER maintained its ER characteristics after manipulation.
The amount of opioid released in relatively short time-
frames (within 15 min of dissolution) from all other for-
mulations was dramatically increased after manipulation.
For 24-h products, which contain greater amounts of drug
than 12-h products, rapid release of the full opioid load is
even more dramatic and potentially dangerous to both
recreational users and patients.
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The relatively small effect of crushing on drug release
from Xtampza ER is due to essentially three unique
physicochemical characteristics. The first feature is the
waxy nature of the formulation, which can cause the
microspheres to smear rather than break into small partic-
ulates, potentially resulting in a reduction in drug release.
Other formulations tend to break into smaller particles with
considerably faster drug release. Second, Xtampza ER
microspheres are of uniform composition where the active
pharmaceutical ingredient (API) is distributed as a solid
solution in waxy, hydrophobic components that do not
provide direct fluid contact with the API. Both the
hydrophobic nature of the formulation and the uniform
distribution of the API as a solid solution combine to limit
the rate of extraction of the API. Finally, Xtampza ER
contains microspheres with a median particle size of
approximately 300 pm, which limits the ability to impart a
consequential change in surface area by crushing. This
effect is illustrated in the minimal difference in the disso-
lution profiles when comparing crushed with intact product
(Fig. 3).

One limitation of the current study is that correlations
between the in vitro dissolution rate and in vivo drug
exposure have not been established across all the products
tested. However, results from previous in vivo pharma-
cokinetic studies have demonstrated that manipulation of
Xtampza ER by crushing or chewing does not significantly
increase the C,,x of oxycodone or reduce the Tj,.x of
oxycodone, indicating that Xtampza ER maintains its ER
properties after manipulation [19, 21]. For the other prod-
ucts, the in vitro rapid drug release and loss of ER char-
acteristics indicate that dose dumping may occur in vivo.
Rapid in vivo drug release after crushing has been
demonstrated for OxyContin [21], thus supporting the
predictability of in vitro IR profiles translating to in vivo IR
profiles. An additional potential limitation of the study was
the lack of statistical comparison across formulations;
however, the drastic change (or lack thereof) in opioid
dissolution after crushing some formulations clearly iden-
tified the formulations that are more susceptible to
manipulation.

Although abuse-deterrent opioid formulations are
available, they account for a small fraction of opioids—just
22% of ER opioids and 2% of all opioids (ER and IR) have
abuse-deterrent labeling [29]. Further, generic (non-abuse—
deterrent) products are more widely used (as much as 67%
of prescriptions) than branded opioid products, including
abuse-deterrent formulations [29]. A general lack of
understanding of the abuse trajectory and extent of abuse
(or misuse) by product manipulation is a barrier that hin-
ders appropriate prescribing of abuse-deterrent opioids.
Complicating matters is the fact that access to abuse-de-
terrent formulations is often limited. For example, some

insurers (particularly Medicare and Medicaid plans)
require patients to first fail generic (non-abuse-deterrent
formulation) products before using an abuse-deterrent
formulation [25]. In addition, there is a general rule that
fee-for-service Medicaid patients must first try and fail
(“fail first”) preferred drugs before they can obtain cov-
erage for non-preferred products [30]. Most fee-for-service
Medicaid plans require patients to try and fail fentanyl ER,
morphine sulfate, or methadone before patients can use an
abuse-deterrent formulation or another branded opioid. As
a result, fentanyl ER, morphine sulfate ER, and methadone
account for 93% of all generic treatments in Medicare Part
D access plans [29, 30]. Because manipulation prior to
opioid abuse is wide spread across all routes of adminis-
tration [6], improving access to manipulation-resistant
abuse-deterrent opioid formulations may help prevent
recreational users from moving to more dangerous routes
of abuse.

5 Conclusion

Results from this study illustrate that Xtampza ER main-
tains its ER properties after physical manipulation, unlike
other commercially available ER opioids, including for-
mulations that are marketed as being crush resistant. As
such, Xtampza ER is an abuse-deterrent opioid that may be
less appealing to recreational users and may provide added
protection for patients with chronic pain who misuse opi-
oids via product manipulation.
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