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Across the pharmaceutical industry chemical engineers are
employed throughout research and development (R&D) to
full-scale manufacturing and packaging in technical and
managerial capacities. The chapters in these two volumes
provide an emphasis on the application of chemical engineer-
ing science to process design, development, and scale-up for
active pharmaceutical ingredients (APIs), drug products
(DPs), and biologicals including sections on regulatory con-
siderations such as design space, control strategies, process
analytical technology (PAT), and quality by design (QbD).
The focus of this introduction is to provide a high-level over-
view of bringing a drug to market and highlight industry
trends, current challenges, and how chemical engineering
skills are an exquisite match to address those challenges.

In general pharmaceuticals are drug delivery systems in
which drug-containing products are designed and manufac-
tured to deliver precise therapeutic responses [1]. The drug
is considered the “active,” i.e. active pharmaceutical ingredi-
ent (API) or “drug substance,” and the formulated final dos-
age form is simply referred to as the drug product (DP).

This book focuses on API in volume 1 and DP in volume
2. The API and DP are designed and developed in R&D and
then transferred to the commercial manufacturing sites by
teams of organic chemists, analytical chemists, pharmaceuti-
cal scientists, and chemical engineers. Prior to the transition
to the commercial site, co-development teams are formed
with members from R&D and manufacturing working

together to define the computational and experimental studies
to conduct based on risk and scientific considerations. The
outcome of this multidisciplinary team effort forms the
regulatory filing strategy for the API and drug products.

Once the commercial API and DP have been established,
the co-development teams support three major regulatory
submissions for a global product. A New Drug Application
(NDA) is submitted to the US Food and Drug Administra-
tion (FDA), whereas in the Europe Union a Marketing
Authorization Application (MAA) is submitted to the Euro-
pean Medicines Agency (EMA), and in Japan a Japan New
Drug Application (JNDA) is submitted to the Pharmaceuti-
cals and Medical Devices Agency (PMDA). Subsequently,
the rest of world regulatory filings are led by the commercial
division with no significant involvement by R&D since
more commercial experience is available at the site by that
time.

In the United States, federal and state laws exist to control
the manufacture and distribution of pharmaceuticals. Specif-
ically, the FDA exists by the mandate of the US Congress
with the Food, Drug, and Cosmetics Act as the principal
law to enforce and constitutes the basis of the drug approval
process [1]. Specifically in the United States, “The FDA is
responsible for protecting the public health by assuring the
safety, efficacy, and security of human and veterinary drugs,
biological products, medical devices, our nation’s food sup-
ply, cosmetics, and products that emit radiation. The FDA is
also responsible for advancing the public health where pos-
sible by speeding innovations that make medicines and foods∗Current address: Lyndra Therapeutics, Watertown, MA, USA
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more effective, safer, and more affordable. They also serve
the public by ensuring accurate, science-based information
on medicines and foods to maintain and improve their
health.”1 On 28 March 2018 the FDA announced organiza-
tional changes available on their website. Janet Woodcock
remains the director of the small molecule division, referred
to as Center for Drug Evaluation and Research (CDER).2

Peter W. Marks is the director of the large molecule division,
referred to as Center for Biologics Evaluation and Research
(CBER).3 Further information can also be easily obtained
from the FDA website, including the overall drug review
process, current good manufacturing practices (cGMP),
International Council on Harmonization (ICH), and mechan-
isms to comment on draft guidances, recalls, safety alerts, and
warning letters that have been issued to companies.4

EMA is a decentralized body of the European Union with
headquarters in London whose main responsibility is the pro-
tection and promotion of public and animal health, through
the evaluation and supervision of medicines for human and
veterinary use.5

The Japan Pharmaceutical Affairs Law (JPAL) is a law
intended to control and regulate the manufacturing, importa-
tion, sale of drugs, and medical devices.6 It exists to assure
the quality, efficacy and safety of drugs, cosmetics, and med-
ical devices while improving public health and hygiene. The
JPAL also provides guidance to pharmaceutical companies
on how to translate their QbD control strategy, which was
found to align well with the three levels of criticality initially
used in early QbD filings for noncritical, key, and critical
process parameters. Japan’s Ministry of Health, Labour
and Welfare (MHLW) has issued clear guidance in English
for three key ministerial ordinances to assure compliance
requirements for manufacturers.

Japan, Europe, and United States collaborate as the Inter-
national Council on Harmonization – Quality (ICH) to estab-
lish greater expectations for science and risk-based
approaches to transform the pharmaceutical industry over
the past decade. Critical to that transformation were the
QbD guidances, Q8, Q9, and Q10 [2–4]. The final versions
of the guidances are readily available on the CDER website,
including the more recent QbD guidance for drug substance
composed in Q11.7

1.1 GLOBAL IMPACT OF THE INDUSTRY

The value of the pharmaceutical industry to the American
economy is substantial. In 2016, the industry employed over
854 000 people with each job indirectly supporting an addi-
tional 4 jobs. Thus as an aggregate, the industry supported 4.4
million jobs and generated nearly $1.2 trillion in annual eco-
nomic output when direct, indirect, and induced effects were
considered for 2016.8

As an industry sector, the pharmaceutical industry is con-
sidered profitable, in spite of the high attrition rate for new
chemical entities (NCEs).9 For example, Forbes estimated
the profit margin for the health-care technology industry in
2015 to be approximately 21%, clearly placing near the top
for profitable industries.10 The companies that are most prof-
itable in this sector were major pharmaceutical and generics
companies. As far as total revenues in pharmaceutical sales,
the top 20 pharmaceutical companies are listed in Table 1.1.

Based on revenue, the pharmaceutical and biopharmaceuti-
cal companies are based in the following countries: 9 (United
States), 2 (Switzerland), 2 (United Kingdom), 1 (France), 3
(Germany), 1 (Israel), 1(Denmark), and 1 (Republic of Ireland).
Only 1 company in the top 20 revenue producing is pri-
vately held.

Global prescription drug sales are on the order of $800
billion in 2017. These drug sales are forecasted to grow at
6.3% compound annual growth rate (CAGR) between
2016 and 2022 to nearly $1.2 trillion (as shown in
Figure 1.1),11 while generic drugs account for approximately
10% of those sales figures.

There is considerable value in being the first company to
deliver a new medicine that treats a new indication (e.g.
breakthrough therapy designation from regulators) or uses
a new mechanism of action to benefit patients. Therefore,
new developments in pharmaceutical R&D that speed quality
drug candidates to the market are important investments for
the future.

1.2 INVESTMENTSINPHARMACEUTICALR&D

R&D is the engine that drives innovation of new drugs and
therapies. Significant investment is required to discover
and advance potential NCEs and new molecular entities

1http://www.fda.gov/AboutFDA/WhatWeDo/default.htm
2https://www.fda.gov/AboutFDA/CentersOffices/OrganizationCharts/
ucm350895.htm
3https://www.fda.gov/AboutFDA/CentersOffices/OrganizationCharts/
ucm350556.htm
4https://www.fda.gov/default.htm
5http://www.ema.europa.eu/htms/aboutus/emeaoverview.htm
6http://www.jouhoukoukai.com/repositories/source/pal.htm
7https://www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/
Guidances/ucm065005.htm

8http://phrma.org/industryprofile
9http://money.cnn.com/magazines/fortune/global500/2009/performers/
industries/profits
10https://www.fool.com/investing/2016/07/31/12-big-pharma-stats-that-
will-blow-you-away.aspx
11http://info.evaluategroup.com/rs/607-YGS-364/images/wp16.pdf; some
estimates are even higher, with 2017 global revenue of $1.05 trillion (see,
for example, https://www.fool.com/investing/2016/07/31/12-big-pharma-
stats-that-will-blow-you-away.aspx).
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(NMEs). For example, the pharmaceutical industry invested
approximately $150 billion into R&D in 2015. Worldwide
pharmaceutical R&D spending is expected to grow by
2.8% (CAGR) to $182 billion in 2022 (Figure 1.2).12 The
cost of advancing drug candidates and entire pharmaceutical
portfolios in R&D is significant. In 2001 the average cost for

an approved medicine was estimated to be $802 million, and
by the end of 2014, the average cost escalated to $2.6 billion
as reported by Tufts Center for the Study of Drug Develop-
ment.13 Although these figures clearly depend on the drug
type, therapeutic area, and speed of development, the bottom

TABLE 1.1 Top 20 Pharmaceutical Companies Based on 2017 Revenue as Listed in Wikipedia

# HQ Company

2017
(USD

Billions)

2016
(USD

Billions)

2015
(USD

Billions)

2014
(USD

Billions)

2013
(USD

Billions)

2012
(USD

Billions)

2011
(USD

Billions)

1 Johnson & Johnson
NYSE: JNJ

76.50 71.89 70.10 74.30 71.31 67.20 65.00

2 Roche OTCQX: RHHBY 57.37 50.11 47.70 49.86 48.53 47.80 45.21

3 Pfizer NYSE: PFE 52.54 52.82 48.85 49.61 51.58 58.99 65.26

4 Novartis NYSE: NVS 49.11 48.52 49.41 58.00 57.36 56.67 58.57

5 Sanofi NYSE: SNY 42.91 36.57 36.73 43.07 42.08 46.41 44.34

6 Glaxo SmithKline
LSE: GSK

42.05 34.79 29.84 37.96 41.61 39.93 41.39

7 Merck & Co.
NYSE: MRK

40.10 39.80 39.50 42.24 44.03 47.27 48.05

8 AbbVie NYSE: ABBV 28.22 25.56 22.82 19.96 18.79 – –

9 Bayer FWB: BAYN 27.76 25.27 24.09 25.47 24.17 24.30 23.11

10 Abbott Laboratories
NASDAQ: ABT

27.39 20.85 20.4 20.25 21.85 39.87 38.85

11 Gilead Sciences
NASDAQ: GILD

25.70 30.39 32.15 24.47 10.80 9.70 8.39

12 Eli Lilly & Co
NYSE: LLY

22.90 21.22 20.00 19.62 23.11 22.60 24.29

13 Amgen NASDAQ:
AMGN

22.80 22.99 21.66 20.06 18.68 17.30 15.58

14 AstraZeneca LSE: AZN 22.47 23.00 24.71 26.10 25.71 27.97 33.59

15 Teva Pharmaceutical
Industries
NASDAQ: TEVA

22.40 21.90 20.00 20.27 20.31 18.31 16.12

16 Boehringer Ingelheim
Private

21.67 17.54 16.41 17.70 18.68 18.89 18.34

17 Bristol-Myers Squibb
NASDAQ: BMY

20.80 19.43 16.56 15.88 16.39 17.62 21.24

18 Novo Nordisk
NYSE: NVO

18.77 16.61 16.06 15.83 14.88 13.48 11.56

19 Merck Group ETR: MRK 15.32 15.80 13.95 14.99 14.77 13.02 12.83

20 Shire NASDAQ: SHPG 14.40 11.40 6.42 6.00 4.76 4.68 3.50

Source: From https://en.wikipedia.org/wiki/List_of_largest_pharmaceutical_companies_by_revenue#cite_note-28. Licensed under CC BY 3.0.

12http://info.evaluategroup.com/rs/607-YGS-364/images/wp16.pdf

13Based on estimated average pre-tax industry cost per new prescription drug
approval (inclusive of failures and capital costs: source, DiMasi et al. [5]).
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line is that the up-front investments required to reach the mar-
ket are massive especially when considering the uncertainty
whether the up-front investment will payback.

Given there might be 10 or more years of R&D costs with-
out any revenue generated on a NCE or NME, the gross mar-
gins of a successful drug need to cover prior R&D
investments and candidate attrition and to cover the

continuing marketing and production costs. Figure 1.3 shows
the classic cash flow profile for a new drug developed and
marketed. First there is a period of negative cash flow during
the R&D phase. When the drug is approved and launched,
only then are revenues generated, which have to be priced
high enough to recoup the extensive R&D investment and
provide a return on the investment.
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FIGURE 1.1 Global pharmaceutical prescription sales as a function of the type of drug. Global prescription drug sales were on the order of
$800 billion in 2017. These drug sales are forecasted to grow at 6.3% compound annual growth rate (CAGR) between 2016 through 2022 to
nearly $1.2 trillion while generic drugs account for approximately 10% of those sales figures. Source: From http://info.evaluategroup.com/rs/
607-YGS-364/images/wp16.pdf.
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FIGURE 1.2 World-wide pharmaceutical R&D spend in 2015 was approximately $150 billion. Growth rate in R&D spend is projected to
grow at a rate of 2.8%. Source: EvaluatePharma®.
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The net present value (NPV) calculation is one way to
assess return on investment with a discount rate of
10–12% generally chosen in the pharmaceutical industry as
the rate to value products or programs for investment deci-
sions [6]. The highest revenues for a new drug are achieved
during the period of market exclusivity (where no competi-
tors can sell the same drug). So it is in the company’s best
interest to ensure the best patent protection strategy is in place
to maximize the length of market exclusivity. Patents typi-
cally have a validity of 20 years from the earliest application
grant date base on applications filed after 1995. In some cases
the time of market exclusivity can be extended through new
indications, new formulations, and devices, which may them-
selves be patent protected (see Table 1.2).

Once market exclusivity ends, generic competition is
poised to immediately introduce an alternative cheaper option
that will erode sales for the patent owner. A dramatic example
of patent cliff can be seen in the sales of Lipitor (Figure 1.4).
Peak sales occurred in 2006 with sales nearing $13 billion in
revenue, but at the end of patent exclusivity in 2011, sales
dropped off precipitously to less than $4 billion in 2012.
The trend continued to drop off through 2017 to less than
$2 billion.

It now takes 10–15 years for a new medicine to go from
the discovery laboratory to the pharmacy. Figure 1.5 shows
the typical development activity timeline from discovery to
launch. From thousands of compounds evaluated for poten-
tial therapeutic effect, very few will clear all the safety, effi-
cacy, and clinical hurdles to make it to approval. Figure 1.5
also shows how a general range of volunteers, and clinical
supplies, increases through phases I–III of clinical trials with
clinical development typically lasting six years or more.

Before entering human clinical studies, the drug candidate
is tested for safety and efficacy in preclinical studies. When

the candidate looks promising for a targeted indication or
potential therapeutic effect, the company files an Investiga-
tional New Drug Application (IND) for regulatory agency
and clinical site approval. At this time, referred to as phase
I, the drug candidate will be tested in a few healthy volunteers
(n ~ 10’s) in single and multiple dose studies to test for safety
and understand human pharmacokinetics. If the phase
I evaluations are positive, then the candidate can progress
to a larger population of healthy volunteers (n ~ 100’s) pend-
ing approval by the regulatory agency on study design, i.e.
doses, route of administration, detection of efficacy, and side
effects. If the candidate passes the phases I and II hurdles
ensuring safety and efficacy, then the clinical teams will
design incrementally larger, broader, and worldwide clinical
studies in test patients (phase III, n ~ 1000’s).

The two common exceptions to conducting phase II stud-
ies in healthy volunteers are for oncology or biological can-
didates. These candidates proceed directly into the patient
population, referred to as phase III, to test treatment of the
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FIGURE 1.3 A hypothetical cash flow curve for a pharmaceutical product includes 10–15 years of negative cash flows of typically $1–3
billion. Reasonably high margins are needed, once the drug is on the market, if it is to recuperate and provide a positive return on investment
(ROI) over its lifecycle.

TABLE 1.2 Periods of Exclusivity Granted by the FDA

Specific FDA Applications Period of Exclusivity

New Chemical Entity
Exclusivity (NCE)

5 years

Orphan Drug Exclusivity (ODE) 7 years
Generating Antibiotic

Incentives Now (GAIN)
5 years added to certain
exclusivities

New Clinical Investigation
Exclusivity

3 years

Pediatric Exclusivity (PED) 6 months added to existing
patents/exclusivity

Source: Form https://www.fda.gov/Drugs/DevelopmentApprovalProcess/
ucm079031.htm#What_is_the_difference_between_patents_a
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indicated cancer or to progress the known safe and effica-
cious candidate derived from human antibodies or viruses,
respectively.

After several years of careful study, the drug candidate
may be submitted to the regulatory agency (e.g. FDA,

EMA, PMDA) for approval. Depending on the type of
API, the regulatory submission may need to be filed differ-
ently. For example, in the United States, a small molecule
is submitted as an NDA, while a biologic is submitted as a
Biologics Licensing Application (BLA).
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FIGURE 1.4 Sales of Pfizer’s Lipitor (atorvastatin) between 2003 and 2017. In 2006 Lipitor generated nearly $13 billion in revenue. Patent
exclusivity ended in 2011 and its impact was significant as seen by the significant drop on revenue in subsequent years (known as the “patent
cliff”). Source: Data from www.statista.com.
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FIGURE 1.5 Drug research and development can take 10–15 years with one approval from 5 to 10 000 compounds in discovery. BLA, biologics
license application; FDA, food and drug administration; IND, investigational new drug; NDA, new drug application. Source: Adapted from
Pharmaceutical Research and Manufacturers of America (PhRMA), publication Pharmaceutical Industry Profile 2009 (www.phrma.org).
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As mentioned, the 2014 cost to advance a NCE or NME to
market was estimated at $2.6 billion. The cost of product
development that includes the cost to manufacture clinical
supplies is estimated to be in the range of 30–35% of the total
cost of bringing a NCE/NME to market with the following
other cost contributors: discovery 20–25%, safety and toxi-
cology 15–20%, and clinical trials 35–40% [7]. The distribu-
tion is graphically displayed in Figure 1.6. Clearly the
distribution will depend on the specific drug, its therapeutic
area, dose, and specific company.

Chemical engineers, chemists, biologists, pharmaceutical
scientists, and others make up the diverse scientific disci-
plines of product development that include API and formula-
tion development including API and DP manufacture of
clinical supplies.

1.3 BEST SELLERS

The top 20 drugs in sales are shown in Table 1.3 with Humira,
topping the list with 2017 global sales of $18.43 billion.
Interestingly 11 of these top drugs are biologics, 1 is a vac-
cine, and the remaining 8 are small molecule drugs. The top
20 selling drugs in that year total nearly $135 billion. This has
changed significantly since the publication of the original
version of this book in 2010 when the majority of top-selling
drugs at that time were small molecules.

The majority of the 20 top sellers have remained in similar
positions over the past 2 years; however a few have made sig-
nificant moves in this short time. For instance, Harvoni was
the second place with $9.08 billion in sales in 2016 and
dropped to seventeenth place in 2017 with $4.37 billion sales.
Another interesting move was Eylea from thirteenth to sec-
ond place from 2016 to 2017 increasing sales from $5.05

to 8.23 billion. It is also noteworthy that 9 of the top 20 pro-
ducts are partnerships, which further illustrates the significant
cost to develop DPs are often sharing the risk.

In Table 1.4 the top-selling drugs of all time were analyzed
by Forbes, utilizing the lifetime sales of branded drugs
between 1996 and 2012 and company reported sales data
between 2013 and 2016. It is noteworthy that the number
one in sales, Lipitor, at $148.7 billion is not even on the
top 20 drug sales list for 2017 in Table 1.3. While there is
a large gap between the top two selling drugs, amounting
to $53 billion for Lipitor above Humira, if Humira annual
sales continue at $18 billion, it will outperform Lipitor as
the all-time best-selling drug in just under 3 years. However,
the patent expiry for Humira was in 2016, and therefore
sales may drop rapidly in the coming years if generics or
biosimilars are able to penetrate the market.

1.4 PHARMACEUTICAL RESEARCH AND
DEVELOPMENT EXPENDITURES

1.4.1 Pharmaceutical Development

In general, pharmaceutical product development is different
than most other research intensive industries. Specifically in
the pharmaceutical industry, there is the consistent need to
ensure that clinical supplies are manufactured and delivered
in a timely manner regardless of the current state of develop-
ment or efficiency of the process. In other words, delivering
clinical supplies when they are needed requires using tech-
nology that is good enough at the time even if it is not a fully
optimized process. However, this is a regulated industry for
clinical supplies as well as for commercial.

Further, process development, optimization, and scale-up
historically tends to be an iterative approach [8] – clinical
supply demands are met by scale-ups to kilo lab or pilot plant
through phase I, phase II, and phase III, and it is through this
period that R&D teams (including analysts/chemist/engi-
neers, referred to as the ACE model) refine, optimize, and
understand the API and DP processes to enable them to be
eventually transferred to manufacturing. Manufacturing of
clinical supplies in kilo lab, pilot plant, and solid dosage
plants occurs under the constraints of cGMP conditions,
which is discussed further in the chapter on kilo lab and pilot
plant. The pilot plant and kilo lab are also sometimes used to
“test” the scalability of a process. In this way, pilot plants
serve a dual purpose, which make them unique as compared
with non-pharmaceutical pilot plants. In terms of cost, how-
ever, large-scale experimentation in kilo lab or pilot plant can
be significant – so there has been a shift toward greater pre-
dictability at lab scale to offset the need for pilot plant-scale
“technology demonstration” experiments. Engineers through
their training are well suited to scale-up and scale-down pro-
cesses and can effectively model the chemical and physical

Clinical trials
35%

Discovery
20%

Safety and toxicology

15%

Product 
development

30%

FIGURE 1.6 Estimated distribution of product development costs
within R&D with the total cost to bring a new chemical entity NCE
to market in the range of $1–3.5 billion. Source: Adapted from
Suresh and Basu [7].
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behaviors in the lab to ensure success on scale. Many chap-
ters in these two volumes discuss how scale-up/scale-down
of various unit operations is performed. Chemical engineers
are well trained in process modeling and optimization that
support the reduction of experimentation and rehearsal

batches prior to commercialization. This helps to reduce
the number of larger-scale “experiments,” thereby lowering
costs during R&D. In this way, with the recent trend toward
increasing efficiency and continuous improvement, the pilot
plant and kilo labs are preferentially utilized to manufacture

TABLE 1.3 Top 20 Global Pharmaceutical Products (2017 Sales)

Rank Brand Name API Marketer Indication

2017
Sales ($
Billion)

1
biologic

Humira Adalimumab AbbVie Autoimmune diseases and rheumatoid arthritis 18.43

2
biologic

Eylea Aflibercept Regeneron
Pharmaceuticals
and Bayer

Macular degeneration 8.23

3 Revlimid Lenalidomide Celgene Multiple myeloma 8.19

4
biologic

Rituxan Rituximab
(MabThera)

Roche and Biogen Treatment of cancer 8.11

5
biologic

Enbrel Etanercept Amgen and Pfizer Autoimmune diseases including rheumatoid
arthritis, psoriasis, and other inflammatory
conditions

7.98

6
biologic

Herceptin Trastuzumab Roche and Biogen Treatment of cancer, mainly breast and gastric 7.55

7 Eliquis Apixaban BMS and Pfizer Anticoagulant, mainly used to treat atrial
fibrillation and deep vein thrombosis

7.40

8
biologic

Avastin Bevacizumab Roche and Biogen Advanced colorectal, breast, lung, kidney,
cervical, and ovarian cancer and relapsed
glioblastoma

7.21

9
biologic

Remicade Infliximab Johnson &
Johnson and
Merck

Autoimmune diseases 7.16

10 Xarelto Rivaroxaban Bayer and
Johnson &
Johnson

Anticoagulant 6.54

11 Januvia/
Janumet

Sitagliptin Merck Treatment of type 2 diabetes 5.90

12
biologic

Lantus Insulin glargine Sanofi Long-acting human insulin analog for the
treatment of diabetes

5.65

13 vaccine Prevnar 13/
Prevener

Pneumococcal 13-
valent conjugate
vaccine

Pfizer Pneumococcal vaccine 5.60

14
biologic

Opdivo Nivolumab BMS Melanoma 4.95

15
biologic

Neulasta/
Peglasta/
Neupogen

(Pegfilgrastim and
Filgrastim)

Amgen and
Kyowa Hakko
Kirin

Neutropenia; decreases the incidence of infection
during cancer treatment

4.56

16 Lyrica Pregabalin Pfizer Anti-epileptic and neuropathic pain 4.51

17 Harvoni Ledipasvir
(sofosbuvir)

Gilead Sciences HCV/HIV-1 infection 4.37

18 Advair Fluticasone and
Salmeterol

GlaxoSmithKline Asthma 4.36

19 Tecfidera Dimethyl fumarate Biogen Multiple sclerosis 4.21

20
biologic

Stelara Ustekinumab Johnson &
Johnson

Plaque psoriasis 4.01

Source: From https://igeahub.com/2018/04/07/20-best-selling-drugs-2018
Shaded row indicates API is a new chemical entity; non-shaded row indicates API is a biologic.
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TABLE 1.4 Fifteen Top-Selling Drugs (2013–2016) for Cumulative Sales Through 2016

Drug/Drug Product Typea API Marketer Approval
$

Billion

1 Lipitor
Atorvastatin/film-coated tablet

O

N

OOH OH

OH

F

N
H

Pfizer 1996 148.7

2 Humira
Adalimumab/solution for injection

Antitumor necrosis factor (TNF) monoclonal
antibody

AbbVie 2003 95.6

3 Advair (United States)
Seretide(EU) fluticasone +

salmeterol/dry powder inhaler

H
N

HO

HO

HO

OH

O

O

O O
S

F

O

H

HF

F

GlaxoSmithKline 2001 92.5

4 Remicade/lyophilized powder for
constitution, solution injection

Anti-TNF chimeric monoclonal antibody Janssen 1998 85.5

5 Plavix clopidogrel/film-coated tablet
OO

N

Cl
S

Bristol-Myers
Squibb

1997 82.3

6 Enbrel
Etanercept/subcutaneous injection

Fusion protein produced by recombinant DNA Amgen/Pfizer 1998 77.2

7 Rituxan
Rituximab/solution injection

Chimeric monoclonal antibody Roche
Genentech

1997 75.9

8 Herceptin Trastuzumab/intravenous
(IV) infusion

Monoclonal antibody Roche
Genentech

1999 65.2

9 Avastin Bevacizumab/IV infusion Monoclonal antibody Roche
Genentech

2004 62.3

10 Nexium Esomeprazole/delayed
release capsule; IV injection H3CO

O

N

N

CH3

CH3

OCH3

S

:

N
H

AstraZeneca 2001 60.2

(continued)

CHEMICAL ENGINEERING IN THE PHARMACEUTICAL INDUSTRY: AN INTRODUCTION 11



supplies for toxicological and clinical supplies rather than
being used to “test” or verify that the chemistry or process
will work on scale.

A primary focus of process development is to drive down
the cost contribution of the API to the final formulated phar-
maceutical product cost while at the same time optimizing to
ensure quality and process robustness. The impact of API
costs on overall manufacturing costs is approximated in
Figure 1.7. The cost contribution of API is expected to
increase with increasing complexity of molecular structures
of APIs, e.g. biologics. It is interesting to note that API
molecular complexity can often impact API cost more than
formulation or packaging costs. As Federsel points out that,
“Given the importance of ‘time to market’which remains one

of the highest priorities of pharmaceutical companies, the
need to meet increasingly stretched targets for speed to best
route has come to the forefront in process R&D” [9]. In the
not too distant past it was considered satisfactory to have a
good-enough synthetic route that was fit for purpose (i.e.
could support the quantities of material needed) but not
one considered best or lowest cost ($/kg of API). The prevail-
ing view was that the market would bear higher product pri-
cing as compensation for higher cost of goods (COGs).
Further cost reduction through new routes could be and were
pursued post-launch with savings realized later in the life
cycle. According to Federsel, and evidenced frequently in
contemporary R&D organizations, this approach is no longer
viable, at least not as a default position. Instead the best

TABLE 1.4 (Continued)

Drug/Drug Product Typea API Marketer Approval
$

Billion

11 Zyprexa
Olanzapine/oral disintegrating

tablets; injections

N

N

N

SN
H

Eli Lilly 1996 60.2

12 Diovan
Valsartan/film-coated tablet

CH3

COOH

O

N N N

NHN

H3C

H3C Novartis 1997 60.1

13 Lantus
Insulin glargine/Subcutaneous

Injection

Long-acting basal analog Sanofi-Aventis 2001 58.3

14 Crestor Rosuvastatin/film-coated
tablet

CH3
OH OH

OH

F

O

CH3

N

NN

S

H3C

H3C

O

O

AstraZeneca 2003 55.2

15 Singulair Montelukast/chewable
tablet

Cl N

S COOH

CH3

H3C

HO

Merck 1998 47.4

Source: Data from https://www.fool.com/amp/investing/2017/03/13/the-19-best-selling-prescription-drugs-of-all-time.aspx
awww.drugs.com source of dosage form type for originator drug.
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synthetic route to API (i.e. route with ultimate lowest cost
materials) coupled with best process design and engineering
(process with lowest processing costs) must be worked out as
early as possible in API process development [9]. The opti-
mal API process developed by the time of launch is necessary
to extract additional revenues and respond to reduced COG
margins. Achieving this requires continuous improvement
in scientific and technical tools as well as multidisciplinary
skill sets in the R&D labs, including chemical engineering
science. The implementation of process design principles,
drawing on the right skill sets, both from chemistry and engi-
neering perspectives during clinical phase II, is considered
such an important step toward leaner more cost-effective pro-
cesses readied for launch that several portions of this book
will expand on this concept.

1.5 RECENT TRENDS FOR
PHARMACEUTICAL DRUG AND
MANUFACTURING

During the past decade, the pharmaceutical field has evolved
to a science and risk-based industry. It is now commonplace
for the regulatory dossier to contain scientifically rigorous
information and descriptions of the risk management
approach used for decision making. Now, the industry is
undergoing significant changes in the API (from small mol-
ecule to biologics), manufacturing (from batch toward con-
tinuous), medicinal approach (generalized to personalized),
and complexity of manufacturing (from simple dosage forms
toward additive manufacturing or 3D printing).

1.5.1 Drug Substances Trend Toward Biologics

Biologic medicines are revolutionizing the treatment of can-
cer, autoimmune disorders, and rare illnesses and are there-
fore critical to the future of the pharmaceutical industry.
Cancer immunotherapy includes monoclonal antibodies,
checkpoint inhibitors, antibody-drug conjugates (ADCs),
and kinase inhibitors, to name a few.

From the 2017 top-selling drugs shown in Table 1.3, there
is a strong trend toward drugs derived from biological origins
dominating the market than small molecules. In fact, the
majority of best sellers are biologics, often monoclonal anti-
bodies, which treat new diseases such as Crohn’s and ulcer-
ative colitis previously unmet medical needs by small
molecule APIs.14 It is also evident that the biologics retain
their value even after patent exclusivity expires, e.g. Humira
sales continue to grow post-patent expiry in 2016. The cur-
rent generic industry is skilled in small molecule develop-
ment but appears to be challenged to rapidly erode sales
for biologics. In fact, in the coming years, it appears the first
biologic medicine may take over as the all-time best seller
from Lipitor.

Biological drug candidates include many different types
of molecules including monoclonal antibodies, vaccines,
therapeutic proteins, blood and blood components, and tis-
sues.15 In contrast to chemically synthesized drugs, which
have a well-defined structure and can be thoroughly verified,
biologics are derived from living material (human, animal,
microorganism, or plant) and are vastly larger and more com-
plex in structure. Biosimilars are versions of biologic pro-
ducts that reference the originator product in applications
submitted for marketing approval to a regulatory body and
are not exactly generic equivalents. However, biosimilar
DPs are far more complex to gain regulatory approval in
developed markets than for chemical generics and may
involve costly clinical trials. Those that succeed will also
have to compete with the originator companies who are
unlikely to exit the market considering their expertise and
investments. The biosimilars market is expected to increase
significantly with the first FDA approval for Sandoz ZAR-
XIO subcutaneous IV injection product in 2015 that helped
establish a clear pathway for gaining regulatory approval
[10]. Recently, Hospira, a Pfizer company, received FDA
approval of their epoetin alfa biosimilar, Retacrit, in May
2018 [11].

Biologic and biosimilar medicines are treating illnesses,
with unmet needs while retaining value even after post-
exclusivity period. These are clear advantages for the origi-
nator, biopharmaceutical company developing biologic med-
icines, and are expected to continue to increase in the coming

Packaging
20%

Formulation
50%

API
30%

FIGURE 1.7 Average cost of goods (COG’s) components in final
dosage form across a large product portfolio – may vary widely for
individual drugs (e.g. for API from 5 to 40%). Source: Reprinted
with permission from Federsel [9]. Copyright (2006) Elsevier.

14www.blog.crohnology.com
15https://www.selectusa.gov/pharmaceutical-and-biotech-industries-united-
states
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years. While the major disciplines making advancements in
this area are biologists and chemists, there is a role for chem-
ical and biochemical engineers in the design and develop-
ment of the processing and purification steps. Chemical
engineers are skilled at developing predictive models, and
scale-up/scale-down principles, which make them a key con-
tributor to this growing field. In fact, for biologics, scale-
down predictive models of process steps were established
and helped pave the way for biological products to use them
for validation [12].

Chemical engineers that include biochemical engineering
are well trained to impact the biotech industry, which utilizes
cellular and biomolecular processes for new medicines [13].
Chemical engineers can also support the design of protein
recovery, purification, and scaling up from lab to commercial
production of the therapeutic proteins.

1.5.2 Lean Manufacturing

Pharmaceutical production of APIs and DPs can be generally
characterized as primarily batch-operated multipurpose manu-
facturing plants. At these facilities commercial supplies of API
intermediates, APIs, and DPs are manufactured before being
packaged, labeled, and distributed to customers. Pharmaceuti-
cal production plants were typically designed to be flexible to
allow a number of different products to be run in separate
equipment trains, depending on the demand. Further, these
facilities have various degrees of automation, relatively high
levels of documentation, and change control to manage recon-
figurations, with relatively long downtimes for cleanup and
turnover of the plant between product changes [14]. These
considerations are in part to meet regulatory requirements
for commercial manufacturing. Manufacturing costs or COGs
often account for approximately one-third of the total costs
with expenses exceeding that of R&D [15]. For this reason
COG’s have received considerable focus as an area of oppor-
tunity for potential savings [7, 16].

It has been claimed that through adopting QbD principles
and principles of lean manufacturing, pharmaceutical compa-
nies, as an aggregate, could save in the range of $20–50
billion/year by eliminating inefficiencies in current manufac-
turing [16]. This translates to 10–25% reduction in current
COGs. An early QbD product approval of Chantix afforded
an opportune chance to prove the benefits of these lean man-
ufacturing and QbD principles. Chantix (varenicline tablet)
was approved as an immediate release tablet commercially
manufactured in the Pfizer Illertissen, Germany site. The
OEB classification of this product required containment,
available at small scale in this facility. Product demand
increased dramatically in 1 year by 430%. The site employed
lean manufacturing to eliminate process inefficiencies and
wastes to increase production from 1 batch/day to 3
batches/day, delivering the desired 900 batches/year in the
small-scale facility [17]. The lean manufacturing was indeed

proven when the manufacturing maintained an inventory of
only approximately one week lead ahead of demand.

The principles of lean manufacturing are often cited as an
approach to reduce COGs in pharmaceutical development
and manufacturing. Lean manufacturing describes a manage-
ment philosophy concerned with improving profitability
through the systematic elimination of activities that contrib-
ute to waste – thus the central theme to lean manufacturing is
the elimination of waste where waste is considered the oppo-
site of value. Based on the work of Taiichi Ohno, creator of
the Toyota Production System, wastes are considered based
on the following [18]:

• Overproduction

• Waiting

• Transportation

• Unnecessary processing

• Unnecessary inventory

• Unnecessary motion

• Defects

All of these wastes have the effect of increasing the pro-
portion of non-value-added activities. Lean thinking is obvi-
ously applicable to many industries including pharmaceutical
manufacturing as well as pharmaceutical development. Con-
tinuous processing, for pharmaceutical APIs and DPs, is one
application of lean thinking applied to pharmaceutical man-
ufacturing. The challenge is that batch processing inherently
leads to overproduction and specifically the buildup of excess
inventory of intermediates and DPs to supply the market.
This leads to longer cycle times and is addressed through
the concepts of continuous manufacturing (CM).

According to Ohno, “The greatest waste of all is excess
inventory” where in simplest terms, excess inventory incurs
cost associated with managing, transporting, and storing
inventories adding to the waste. Large inventories also tie
up large amounts of capital. Excess inventory represents an
opportunity cost where capital is held up in the form of work
in process (WIP), API finished goods, and formulated fin-
ished goods versus what could be invested elsewhere or back
into R&D. Implementation of lean manufacturing principles
can be used to develop workflows and infrastructures to
reduce inventories. One way to reduce inventories is through
continuous processing. Several chapters discuss the technical
benefits of CM. A reliable steady delivery of product API and
DP through small product-specific continuous plants could
potentially reduce the level of inventory required in a dra-
matic way if the workflows were designed to ensure consist-
ent delivery of product to packaging and distribution. The
facilities of continuous production trains tend to be signifi-
cantly smaller.

The costs of inventory holdings are significant and include
both the carrying cost and the cash value of the inventory.
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The carrying costs of inventory include two main contribu-
tions – (i) weighted average cost of capital (WACC) and
(ii) overhead [19].

Estimates for the combined carrying cost of WACC and
overhead range from 14 to 25% that translates to approxi-
mately 20% return for every dollar of inventory eliminated
[20]. Technology platforms and new workflows designed
to minimize the need for stockpiling API and DP inventories
across the industry therefore would seem to offer very rapid
payback.

1.5.3 Continuous Manufacturing

For a large pharmaceutical company carrying $5 billion in
inventories, the holding cost based on the combined WACC
and overhead of 20% is approximately $1 billion/year. Con-
sidered another way, technologies that ensure a reliable and
steady distribution of product with the result of eliminating
the need to build and store massive inventories can return
the company cost savings equivalent to a blockbuster drug
(generating $billion/year). Indeed one of the three factors
having the largest impact on the profitability of a manufactur-
ing organization is inventory with the other two being
throughput and operating expense according to Goldratt
and Cox [21]. Continuous processing if designed for reliable
operations essentially year-round or in other cases simply “on
demand” could potentially eliminate the need to accumulate
significant inventories above and beyond two to four weeks
of critical safety stocks of finished goods.

CM across API and DP integrated under one roof as a plat-
form technology is one long-term approach to transforming
the way the industry manages their commercial supply chain.

As one reference cites, “Even for very small processes,
continuous processes will prove to be less expensive in terms
of equipment and operating costs. Dedicated continuous pro-
cesses often put batch processes out of business” [22]. The
real point here is that continuous is one approach to lean man-
ufacturing and to reducing inventories and costs but certainly
not the only approach. Other lean systems can be devised that
utilize the existing batch facilities as well. Since the publica-
tion of the first edition of this book in 2010, there has been a
significant wave of interest in considering continuous proces-
sing for pharmaceutical API and DP.

In July 2015 FDA granted Vertex Pharmaceuticals
approval of the first DP, Orkambi, a cystic fibrosis (CF) drug,
to be produced using a CM process. Vertex’s second drug,
Symdeko, for treating the underlying cause of CF occurred
in February 2018. Janssen aims to manufacture 70% of their
“highest volume” products using CM within eight years.16 In
addition, they intend to increase yield by reducing waste by
33% and reduce manufacturing and testing cycle times by

80% through the use of CM. Their claim is that CM can
reduce operating costs by as much as 50%, gain higher
throughputs, and significantly reduce waste [23]. Janssen’s
HIV drug Prezista is also manufactured via a continuous
process after obtaining approval to convert from batch to con-
tinuous.17 Pfizer and Eli Lilly have made investments in CM
and recently submitted an NDA or gained approval for a
product, respectively. Merck states that CMwill help achieve
their goals of well-controlled processes with flexible sizes to
handle small-to-large volume products localized closer to the
customer.18

Merck Manufacturing Division targets a total lead time of
90 days formulation to the patient, reducing the current tim-
ing by one-quarter. Multiple companies are teaming together
to leverage CM, e.g. Novartis-MIT Center for Continuous
Manufacturing. A critical component of CM is that PAT is
embedded into the overall plan for monitoring and control
of the process. As stated by Kevin Nepveux, “one of the best
ways to go about implementing CM processes is to develop
the analytics in-line with the application.”19 In summary, CM
requires significant focus by chemical engineers as there is
more attention on cost savings and cost efficiencies.20

1.5.4 Personalized Medicine

“One size doesn’t fit all is a tenet of personalized medicine,
also called precision medicine,” states Lisa Esposito in a
recent report [24]. In her article, she highlights the long-
standing personalized medicine approach taken to treat
cancer based on the individual patient’s disease state and
conditions. There is a growing expectation that the pharma-
ceutical industry should deliver DPs targeted to the individ-
ual, tailoring the amount of drug based on their mass,
metabolism, genetic factors, and disease state. In this section,
we discuss two approaches for manufacturing personalized/
precision medicine through a pharm-on-demand concept
for military personnel and for complex dosage forms using
additive manufacturing (referred to as 3D printing).

The Defense Advanced Research Projects Agency
(DARPA) Battlefield Medicine program is keenly interested
in miniaturized, flexible platforms for end-to-end manufac-
turing of pharmaceuticals to support the troops on location.
As discussed in other chapters within this book, advances
in continuous flow synthesis, chemistry, biological engineer-
ing, and downstream processing, coupled with online analyt-
ics, automation, and enhanced process control measures, are

16http://www.pharmtech.com/fda-approves-tablet-production-janssen-con-
tinuous-manufacturing-line

17https://www.lifescienceleader.com/doc/merck-s-path-to-continuous-manufac-
turing-for-solid-oral-dose-products-what-stands-in-the-way-0001
18ibid.
19https://www.pharmaceuticalonline.com/doc/pfizer-s-hybrid-approach-to-
implementing-continuous-manufacturing-processes-0001
20http://www.contractpharma.com/contents/view_features/2018-01-30/pharma-
industry-outlook
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proving that such capabilities are ready for implementation.
The desire is to have a mobile, on-demand pharmacy located
at the battlefield that could ensure readiness to treat threats of
chemical, biological, radiological, and nuclear weapons [25].

1.5.5 Additive Manufacturing

Additive manufacturing, also referred to as three-
dimensional (3D) printing, is an automated process of build-
ing layer by layer a complex dosage form personalized and
manufactured on demand. FDA approved the first 3D printed
DP in August 2015 for Aprecia Pharmaceuticals SPRITAM
product as a disintegrating tablet [26].

The 3D printing in this case binds the powders while
maintaining a porous structure (without the typical compres-
sion of a tablet press), providing a fast dissolving tablet. For
example, 1000 mg of levetiracetam dissolves within seconds
[27]. Extensions of 3D printing include printing extremely
low dose APIs or highly potent APIs, but encapsulated with
excipients, thus reducing potential exposure. Norman et al.
[27] provide a thorough review of the different modalities
of 3D printing for pharmaceutical manufacturing, which
includes an analysis of the potential benefits of such products.

1.6 CHEMICAL ENGINEERS SKILLED TO
IMPACT FUTURE OF PHARMACEUTICAL
INDUSTRY

The fundamental principles taught in the chemical engineer-
ing curriculum ensure the chemical engineer is well poised to
apply them to solve the coming challenging issues in the
pharmaceutical industry. Chemical engineers are uniquely
positioned to help address these needs in part derived from
their ability to predict using mathematical models and their
understanding of equipment and manufacturability. As Wu
et al. highlighted, chemical engineers can help transform
pharmaceutics from an industry focusing on inventing and
testing to a process and product design industry [28]. Signif-
icant pressure exists on what used to be a historically high-
margin nature of the pharmaceutical industry to deliver safe,
environmentally friendly, and economic processes in increas-
ingly shorter timelines. This means fewer scale-ups at kilo
and pilot plant scale, with expectation that a synthesis or for-
mulation can be designed in the lab to perform as expected
(and right the first time) at the desired manufacturing scale.

Chemical engineers are also uniquely positioned to influ-
ence regulators by incorporating advancements such as con-
tinuous processing coupled with PAT into a highly regulated
industry. From R&D through manufacturing within the phar-
maceutical industry, chemical engineering can be leveraged
to bring competitive advantage to their respective organiza-
tions through process and predictive modeling that lead to
process understanding, improving speed of development,

and developing new technology platforms and leaner manu-
facturing methods. The chapters in these two volumes are
intended to provide examples of chemical engineering prin-
ciples specifically applied toward relevant problems faced in
the pharmaceutical sciences and manufacturing areas. Fur-
ther the broader goal of this work is to promote the role of
chemical engineering within our industry, to promote the
breadth of skill sets therein, and to showcase the critical syn-
ergy between this discipline and the many scientific disci-
plines that combine to bring pharmaceutical drugs and
therapies to patients in need around the world.
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