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Synthetic opioids have caused a sharp increase in deaths over the
past five years, reinforcing the need for immediate solutions from the
medical and chemical engineering communities.

est public health emergencies of our time. Opioid

overdoses have triggered a mortality crisis in the
U.S., and opioid addiction is a major cause of declining life
expectancy. Moreover, the opioid crisis threatens to spread
to middle-income and low-income countries, where the
use of opioid drugs is rapidly proliferating. This article, a
follow-up to a CEP article published in November 2017 (1),
describes the history of the opioid epidemic and reviews
some of the challenges of providing community education
and combating negative stigma. The article discusses the
specific actions that chemical engineers can take together
with physicians to battle the opioid crisis.

The opioid epidemic in the U.S. is one of the larg-

A brief history of the opioid epidemic

The opioid epidemic in the U.S. is traditionally split
into three main phases driven by different sources of opioid
deaths: the first being prescription opioids, followed by
heroin, and most recently synthetic opioids such as fentanyl
(Figure 1) (2, 3). The first phase was greatly aided by lob-
bying efforts to prioritize pain in the medical field, along
with misleading advertising of Purdue’s controlled-release
opioid, OxyContin, in 1995. OxyContin was liberally
prescribed in part due to the inaccurate belief that it had
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reduced abuse potential. We are now aware that OxyContin,
like all other opioids, has high abuse liability and potential
for dependence (4). It is estimated that 8—12% of people
who take opioid prescription medications for chronic pain
go on to develop opioid use disorder (OUD).

As overdose deaths from prescription opioids steadily
rose throughout the 2000s, the number of opioid prescrip-
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A Figure 1. The opioid epidemic in the U.S. is traditionally split into three main
phases driven by different sources of opioid deaths: prescription opioids, heroin,
and synthetic opioids such as fentanyl. Source: Adapted from (2, 3).
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tions began to decline in the late 2000s. Despite efforts to
curtail opioid prescriptions, by 2009, there were more than
one million emergency department visits due to misuse of
pharmaceutical drugs, outpacing visits from heroin and
cocaine. In response, the volume of prescription opioids
dispensed has been greatly reduced between 2009 and 2019,
from 80 prescriptions per 100 persons down to 40 prescrip-
tions per 100 persons in the U.S., respectively (Figure 1,
purple squares) (2, 3).

The lowered rates of opioid prescriptions coincide with
the second phase of the opioid epidemic: increased heroin
overdose deaths (Figure 1, green triangles). Today, an esti-
mated 80% of people who use heroin begin by first misusing
a prescription opioid. Heroin costs significantly less than
prescription opioids and is more accessible. In 2005, less
than 10% of individuals who regularly used opioids began
by using heroin; however, by 2015, there was a three-fold
increase in this number (35).

One key difference between heroin and prescription
opioids is that the unregulated nature of heroin translates
into individuals not being certain of the potency of the
heroin they consume. Another important difference between
heroin and prescription opioids is the route of administra-
tion, which influences the potential addictive properties of
the opioid. Most individuals that use prescription opioids
administer them orally. Oral administration has a relatively
lower risk for addiction than intravenous administration,
which is the route many individuals administer heroin.
Thus, heroin’s properties induce tolerance and addiction
faster than orally delivered opioids.

In the third and current phase, heroin has been com-
bined with or replaced by synthetic opioids. Similar to
heroin, obtaining accurate dosing of these potent synthetic
opioids is very challenging, if not impossible; thus, over-
doses are very common. Deaths from synthetic opioids such
as fentanyl have skyrocketed from 2015 to 2021, especially
during the social isolation of the COVID-19 pandemic
(Figure 1, pink triangles).

Importantly, it is reported that most individuals do not
want to use heroin that is combined with (i.e., “cut with”)
fentanyl, but fentanyl is nevertheless inundating the illicit
opioid market. The rise in prevalence of fentanyl, and
therefore increased overdoses from fentanyl, is largely due
to the combination of fentanyl’s high potency and low cost.
Fentanyl can be easily added to heroin, making heroin sales
more profitable (6). Similar to the difficulty of knowing
the purity or strength of heroin, the same risk is amplified
for fentanyl-spiked heroin because fentanyl is 30-50-fold
more potent than heroin. This means that the amount of
drug required to potentially cause an overdose is up to
50-fold lower when fentanyl is added to heroin compared to
heroin alone.
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Deaths from synthetic opioids have skyrocketed
from 2015 to 2021, especially during the social
isolation of the COVID-19 pandemic.

While the number of opioid prescriptions continues to
decline, overdose deaths from prescription opioids have
not. Rather, deaths from prescription opioids have plateaued
(Figure 1, blue circles). Following a similar trend, despite
this recent rise in synthetic opioid deaths, death rates from
heroin overdoses have not decreased but have remained
constant (Figure 1, green triangles). Taken together, these
disconcerting trends suggest that the first two phases of
the opioid epidemic have not been adequately addressed.
Instead, the continued rise in overdose death tolls is over-
shadowed by the latest phase.

The most recent Diagnostic and Statistical Manual of
Mental Disorders handbook combines substance abuse and
dependence into one collective diagnosis as substance use
disorder with varying levels of severity from mild to severe,
depending on the number of criteria met. If the drug that
contributes to the diagnosis of a substance use disorder is an
opioid, the diagnosis is deemed OUD.

Each individual’s experience with OUD will be differ-
ent; however, there are some common aspects to developing
an OUD. Initially, individuals are exposed to or experiment
with opioids, which produces substantial euphoria. The
most common initial opioid is a prescription opioid such as
oxycodone or hydrocodone (7). Opioid consumption often
escalates over time, potentially leading to tolerance, depen-
dence, and/or the appearance of withdrawal symptoms.
Individuals with OUD often experience physical with-
drawal symptoms as well as dysphoria that can last for days
following cessation of opioid use. At this point, individuals
are often forced to alleviate these symptoms by any means
necessary, and consuming opioids leads to at least partial
remedy of these negative aspects. Following substantial
tolerance to opioids, administering the drug merely removes
the withdrawal symptoms and no longer produces the
euphoria that characterizes the initial drug use.

A key feature of OUD, similar to other substance use
disorders, is the chronic relapsing nature. In 2020, it was
estimated that almost 2.5 million individuals suffered from
OUD. Of all drug overdose deaths, a staggering 75% of
them involved an opioid (7), highlighting how incessant
opioids are in driving overdose deaths.

The causes of OUD are not fully understood, but
various genetic and environmental factors can dictate an
individual’s likelihood of developing this disorder. For
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example, multiple studies have found significant associa-
tions between specific genetic mutations and OUD (8—10).
Successful treatment of OUD is perceived as difficult.
Treatment with medically supervised withdrawals alone

is common but not sufficient because aspects beyond the
physical withdrawal also need to be addressed, such as
prolonged drug craving. Evidence-based research indicates
OUD is a highly treatable condition when individuals with
OUD receive medication for OUD (MOUD) (11).

Millions of people in the U.S. with OUD are not obtain-
ing effective treatment. With ten people dying from opioid
overdoses every hour in 2021, and deaths continuing to
rise, the current approach to providing care for people with
OUD must not be working. We aim to identify areas ripe for
reassessment and innovation to substantially decrease the
rates of overdose deaths in this country.

Lack of community education

Compared to the magnitude of the opioid epidemic, not
enough time is dedicated to training community members
and families on how to approach people with OUD. Indi-
viduals with OUD often suffer from undiagnosed anxiety
or depression and/or experienced adverse childhood events
(12). Many individuals use opioids to cope with their
undiagnosed conditions. Rather than passively let individu-
als with OUD self-medicate, psychiatric evaluations in a
supportive environment should address individuals’ needs
and be used as a basis for effective treatment plans.

Current community outreach education such as narcan
overdose reversal training for healthcare, law enforce-
ment agencies, and the general public does not adequately
highlight the efficacy of MOUD for individuals with OUD.
MOUDs such as methadone, buprenorphine, and naltrex-
one are highly effective once-daily oral medications to
treat OUD (13). The concept of harm reduction derived
from MOUDs should be underscored within the commu-
nity education curriculum. For example, buprenorphine is
a partial opioid agonist with effects that can last 1-3 days,
which is considered long-acting. It prevents individuals with
OUD from developing severe withdrawal symptoms when
they stop using short-acting opioids like heroin, with effects
lasting only up to six hours. While this medication is still an
opioid, it avoids the inherent risks of injection-based opioid
delivery, including Hepatitis C, HIV, or septic shock from
a skin abscess. In addition, the risk of a fatal overdose sig-
nificantly decreases when individuals receive standardized
doses of medication from federally regulated pharmaceutical
manufacturers. Thus, MOUD for OUD reduces the burden
on hospital emergency rooms, lowers the cost of treating
secondary infections, and prevents overdose mortality.

MOUD access should be expanded, as others have sug-
gested (14). When ER physicians initiate treatments with
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buprenorphine, individuals with OUD are twice as likely to
enter treatment programs 30 days later. Unfortunately, leg-

islative and stigma-based barriers to access prevent people

with OUD from obtaining this life-saving medication.

The U.S. Drug Enforcement Agency (DEA) regulates
buprenorphine medications and requires clinicians to apply
for an “X waiver” to write outpatient prescriptions for
buprenorphine. While methadone requires frequent visits
to clinics and onerous demands on individuals, prescribed
buprenorphine can be accessed through a local pharmacy
and taken at home. Thus, an X-waivered physician can
deliver effective treatment to individuals with OUD in a
respectful, dignified, and unstigmatized manner. However,
over half of Americans living in rural settings lack access to
an X-waivered provider. Even if a provider is X-waivered,
the DEA limits the number of buprenorphine prescriptions
that a clinician can provide at one time. Recent legislative
action has removed the mandatory training required for the
X-waiver and increased telehealth access, yet retained the
limits on the number of prescriptions and the requirement
to register with the DEA for an X-waver identifier number.
It is unfortunate that the number of opioids prescribed by
a physician is virtually unlimited while the number of pre-
scriptions to treat OUD is restricted.

Negative stigma

In addition to legislative and federal restrictions for
MOUD access, there is a more insidious barrier to treatment
for individuals with OUD: negative stigma. Many people
hold a negative stigma toward people who develop OUD.
When surveyed, three out of four primary care physicians
reported they are unwilling to work closely with individu-
als with OUD (15). The same survey found that two out of
three primary care physicians believed that individuals with
OUD are more dangerous than the general population. This
negative stigma experienced by individuals with OUD is
pervasive across society and compounds other racial and
economic injustices that individuals may face when seeking
treatment. While community education cannot eliminate the
negative stigma associated with OUD, it can train commu-
nity members to combat OUD stigma and increase access to
effective treatments (76).

The good news is that the treatment for stigma exists.
Studies demonstrate that stigma is significantly reduced
through training, outreach, and continuing education (76,
17). During OUD de-stigmatization training events, it is
important to educate participants in a non-judgmental,
evidence-based manner to help remove the years of nega-
tive connotations surrounding people with OUD. Chang-
ing community members’ views of OUD is paramount
to increasing treatment access and decreasing overdose
mortality from the opioid epidemic.

Article continues on next page
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Engineering education

The Grand Challenges for Engineering, set forth by the
National Academy of Engineering (NAE) in 2008, defined
14 priorities for engineers to address in the 21st century. In
2015, over 120 U.S. engineering schools signed a letter of
commitment to President Obama to educate a new genera-
tion of engineers expressly equipped to address the Grand
Challenges for Engineering. The Grand Challenges for
Engineering have thus had a dramatic impact on engineer-
ing education.

Among the list of top 14 priorities is to “engineer better
medicines.” Less-addictive opioid pain medicines, along
with more accessible MOUDs (Figure 2) (18), certainly fall
within the realm of better medicines, but these medicines
have not been emphasized within this grand challenge.
Indeed, the 2022 NAE report on “New Directions for
Chemical Engineering” does not contain a single mention
of opioids.

Chemical engineers play an important role in design-
ing and manufacturing solutions to the opioid crisis, yet
most engineering design and engineering ethics courses
barely address the opioid epidemic. Chemical engineering
process and product design courses could incorporate case
studies of the manufacturing of methadone, buprenorphine,
and naloxone, and challenge students to lower the cost and
increase the availability of MOUDs. Drug delivery courses
could include projects on the controlled release of opioids
to minimize addiction potential.

Biochemical engineering courses should review
biomanufacturing of opioids, such as the pioneering work
of Christina Smolke at Stanford Univ. (79) and John
Dueber at UC Berkeley (20) to manufacture natural and
semi-synthetic opioids in yeast. These innovations in
synthetic biology provide numerous avenues to develop
less-addictive opioids. Such case studies would not only
enhance students’ understanding of chemical engineering
principles but also empower students to address arguably
the most pressing healthcare need in the U.S. and an emerg-
ing healthcare need worldwide.

Traditional chemical engineering curricula provide few
opportunities for chemical engineering students to interact
with medical students and physicians. While biomedical
engineering degree programs emphasize immersive design
projects in which students directly interface with medical
students and physicians, chemical engineering programs
overlook the many opportunities for chemical engineers to
contribute to medicine. Process and product design courses
for chemical engineers should encourage and enable
chemical engineering students to work on interdisciplinary
teams with medical students; these teams would set techni-
cal specifications according to an individual’s needs and
design optimal formulations, delivery routes, and manu-
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facturing processes for less-addictive opioids and more
accessible MOUDs.

Ultimately, engineering ethics courses across all
branches of engineering must address the ongoing opioid
crisis and the roles that engineers can play in stopping the
crisis. Traditional engineering ethics courses focus on the
technical feasibility of designs, rather than the impact of
manufactured goods on public health. The opioid epidemic
affects both health and economic welfare and thus chemical
engineers have a duty to develop processes and products
that alleviate the burden of opioid addiction.

Our call for action

The negative stigma blocking individuals with OUD
from accessing effective MOUDs needs to be addressed
to combat the opioid epidemic. In addition, we need to
foster novel collaborations between physicians, research-
ers, and chemical engineers to address the opioid epidemic.
New non-addictive medications for pain management are
required to reduce the medical community’s reliance on
opioids. This requires investments in basic science, chronic
pain models, and biomarkers of pain (4).

When a person overdoses on opioids, they require
urgent opioid-overdose reversal with intranasal naloxone to
prevent death from respiratory depression. While nalox-
one prevents death from opioid overdose, it also induces
severe withdrawal symptoms (2/). In addition, the half-
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For individuals who are ready to obtain treatment for
OUD, MOUDs have decades of evidence-based research
supporting their efficacy when prescribed at the correct dose.
More physicians should reexamine their preconceptions and
beliefs surrounding individuals with OUD. Individuals with
OUD are human beings stuck in a destructive loop of danger-
ous decisions because they lack better alternatives. It is the
role of physicians to provide treatments, support, and respect
for all types of individuals.

In response to the COVID-19 pandemic, federal regu-
lations deemed telemedicine visits sufficient to prescribe
buprenorphine to individuals with OUD (23). Telemedicine
greatly expanded access to MOUD while also removing the
barriers of stigmatization to accessing care. This innovative
strategy found that 80% of individuals with OUD prescribed
buprenorphine were retained in the telemedicine treatment
program at the one-year follow-up (24). Telemedicine should
be expanded within communities to reach people with OUD
who are ready to start treatment. Needle exchange programs
and safe injection sites foster opportunities for trained
professionals to initiate conversations about the effective

MOUD treatments available for people with OUD. More
efforts are required to remove the negative stigma associ-
ated with needle exchange and safe injection sites to expand
access to telemedicine and treatments for OUD.

In addition, chemical engineers and physicians should
collaborate to further improve the properties of MOUDs
like buprenorphine. Current strides in MOUD delivery have
brought forth an implantable buprenorphine product that
was approved by the U.S. Food and Drug Administration
(FDA) in 2016. The delivery of MOUDs could be opti-
mized after obtaining feedback from individuals in OUD
treatment programs and physicians. As a result, the risks
and side effects of MOUD could be further reduced through
chemical design. Chemical engineers could improve
MOUD options to prevent opioid relapses and help turn the
tide of the opioid epidemic.

Effectively combating the opioid epidemic requires
education, awareness, innovations, new collaborations,
novel approaches, and compassion. We believe it is the
duty of the medical and chemical engineering communities
to end the opioid epidemic.
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