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In memory o f my mother

A bstr a c t

With intensified competition in the biopharmaceutical industry, companies are facing
conflicting pressures to compress drug development timescales and achieve cost
reduction. This has triggered renewed interest in manufacturing and its contribution
to a company’s business performance. Computer simulation tools can help to bridge
the gap between the process and business aspects of manufacturing. This thesis
explores the possibility of creating a prototype décision-support tool that
accomplishes this integration as well as incorporating risk analysis.

An investigation of the commercial production methods for monoclonal antibodies
enabled a generic process to be defined that was subsequently used as a basis for the
unit operations to be incorporated into the tool. The tool, designated S im B io ph a r m a ,
was built on top of G2® (Gensym Corporation, Cambridge, MA), an object-oriented
programming environment. It provided a unique hierarchical framework for
modelling both the operational and financial perspectives of biopharmaceutical batch
manufacturing processes. The application of the tool for evaluating manufacturing
strategies under uncertainty was demonstrated via case studies that focused on the
large-scale production of therapeutic monoclonal antibodies using mammalian cell
culture processes. The tool was used to address whether start-up companies should
invest in a stainless steel pilot plant or use disposable equipment for early clinical
trial material preparation. The cases utilised the Monte Carlo simulation technique to
imitate the randomness inherent in manufacturing subject to uncertainties in product
demand, titre and market success. The analyses highlighted the impact of each
manufacturing option on the cost of goods and project throughput and the likelihood
that they exceeded a critical threshold. Finally, a technique to combine the
simulation results from the tool with other criteria pertinent to the decision was
investigated using a multi-attribute decision-making technique that was extended to
allow for uncertainty in parameters.
The work in this thesis highlighted the benefits of adopting an integrated approach to
the process-business interface in biopharmaceutical manufacture, so as to enhance
the quality of decision-making and achieve cost-effective manufacture.
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CHAPTER 1

S cope

1.1

and

B ackground

I n t r o d u c t io n

The biopharmaceutical industry faces mounting competitive pressures of cost
reduction whilst increasing speed to market (Pisano & Wheelwright, 1995). Global
competition is driving the need to enhance manufacturing operations by achieving
the following business and process objectives: accelerated process development;
maximised process yields; improved resource utilisation and reduced cost of goods.
These objectives are often in tension with one another. Computer-aided design tools
can help resolve such conflicts. To cope with this complexity, however, companies
might typically use a number of separate software tools. Consequently administrative
and manufacturing-oriented information

systems frequently

remain

isolated

(Schlenoff et al., 1996; Mannarino et al. 1997; Puigjaner & Espuna, 1998). To
address the competitive pressures more effectively, a closer integration of bioprocess
and business process modelling is vital. This thesis explores the possibility of
creating a prototype software tool that accomplishes this integration and the utility of
such a tool in décision-support.

This introductory chapter provides an overview of biopharmaceutical drug
development and its key manufacturing issues, and reports on the current status of
process simulation in the bioprocessing industry. Section 1.2 provides a background
to the key drivers and pressures in biopharmaceutical drug development. Sections
1.3 and 1.4 highlight the challenges and benefits of modelling biopharmaceutical
manufacture. An overview of the process simulation efforts in the chemical and
biotech industries is provided in Sections 1.5 and 1.6. The methods for cost analysis
and specific examples found in the literature are discussed in Section 1.7. Methods
of performing risk analysis so as to incorporate the effects of technical and marketrelated uncertainties are reviewed in Section 1.8. Finally, the aims and organisation
of the thesis are presented.

15

SCOPE AND BACKGROUND

1.2

B io p h a r m a c e u t ic a l

d rug develo pm ent

The growth of recombinant proteins as a class of therapeutic molecules has greatly
accelerated in the past five years. More than 90 recombinant proteins have received
market approval in the US and Europe. Some of the biopharmaceuticals available for
therapeutic use are shown in Table 1.1, grouped by product category. The worldwide
sales of biopharmaceuticals in 2000 was estimated to be in excess of $12 billion
(Walsh, 2000). Over 75% of these gained their initial manufacturing license after
1990 (Kelley, 2001). Examples of recently licensed products produced in
mammalian cell culture include Herceptin™, a monoclonal antibody for treating
breast cancer, and Enbrel™, an antibody-based fusion protein for treating
rheumatoid arthiritis. By 2010 the worldwide biopharmaceutical market is expected
to capture 50% of the pharmaceutical market (Savage, 2000). However,
biopharmaceuticals are amongst the most expensive of all pharmaceutical
substances. For example, the annual cost per patient for Epogen™ is $4,000-$6,000
(Walsh, 1998), while for antibodies like Rituxan™ and Enbrel it is $10,000-$ 15,000
(James & Dubs, 1997; Slud, 2001). Approximately 500 biopharmaceutical drug
candidates are currently undergoing clinical trials (Walsh, 2000). Of these about 350
are being developed in the US (Holmer, 2000), with nearly half for cancer. The two
largest product categories under development are vaccines and monoclonal antibodybased products (Walsh, 2000).

16

Table 1.1 Examples of biopharmaceuticals approved in the US or EU^
Product

Expression system

Com pany

Therapeutic indication

A pproved

Recombinant blood factors
Kogenate (rh Factor VIII)
Activase (Alteplase, rh tPA )
Ecokinase (Reteplase, r tPA)

BHK cells
CHO cells
E. coli

Bayer
Genentech
Galenus Mannheim

Haemophilia A
Acute myocardial infarction
Acute myocardial infarction

1993 (US)
1987 (US)
1996 (EU)

Recombinant hormones
Humulin (rh Insulin)
Humalog (insulin analog)
Protropin (r hGH)
Glucagen (rh glucagon)
Follistim (rh FSH)

E. coli
E. coli
E. coli
S. cerevisiae
CHO cells

Eli Lilly
Eli Lilly
Genentech
Novo Nordisk
Organon

Diabetes mellitus
Diabetes mellitus
hGH deficiency in children
Hypoglycemia
Infertility

1982
1996
1985
1998
1997

Hem atopoietic growth factors
Epogen (rh EPO)
Leukine (r GM-CSF)
Regranex (rh PDGF)

CHO cells
E.coli
S. cerevisiae

Amgen
Immunex
Ortho-McNeil

Anaemia
Bone marrow transplantation
Diabetic neuropathic ulcers

1989 (US)
1991 (US)
1997 (US)

Recombinant interferons and interleukins
Roferon A (rh IFN-a2a)
Betaferon (r IFN-plb)
Avonex (rh IFN-|3la)
Proleukin (r IL-2)

E. coli
E. coli
CHO cells
E. coli

Hoffmann-La Roche
Schering AG
Biogen
Chiron

Hairy cell leukemia
Multiple sclerosis
Relapsing multiple sclerosis
Renal cell carcinoma

1986 (US)
1995 (EU)
1996/7 (US/EU)
1992 (US)

Vaccines
Recombivax (r HBsAg)
Lymerix (r OspA)

S. cerevisiae
E. coli

Merck
Smith Kline Beecham

Hepatitis B prevention
Lyme disease vaccine

1986 (US)
1998 (US)

Monoclonal antibody-based products
Orthoclone 0K T 3 (Muromomab CD3)

'-I

Ortho Biotech

Reversal o f acute kidney transplant rejection

1986 (US)

Centocor
Genentech(US), Hoffmann-La Roche (EU)
Centocor
Genentech

Prevention o f blood clots
Non-Hodgkin’s lymphoma
Crohn’s disease
Breast cancer

1994 (US)
1997/8 (US/EU)
1998/9 (US/EU)
1998 (US)

CHO cells
E. coli

Genentech
Genzyme

Cystic fibrosis
Treatment o f Gaucher s disease

1993 (US)
1994/7(US/EU)

CHO cells

Immunex (US), Wyeth Europa (EU)

Rheumatoid arthritis

1998/2000 (US/EU)

ReoPro (Abciximab)
Rituxan/Mabthera (Rituximab)
Remicade (Infliximab)
Herceptin (Trastuzumab)

Mice
Mammalian
Mammalian
Mammalian
Mammalian

Additional products
Pulmozyme (r DNase)
Cerezyme (r P-glucocerebrosidase)
Enbrel (r TNFR-IgG fusion protein)

Adapted from Walsh (2000)

(US)
(US/EU)
(US)
(US)
(US)

cell
cell
cell
cell

line
line
line
line

SCOPE AND BACKGROUND

1.2.1

Time to market

Biopharmaceutical companies are all in a race to get their products to market as
quickly as possible so as to attain the largest possible market share. Timely market
penetration can mean the difference between a blockbuster drug and one that barely
makes a profitable return on R&D expenditures (Savage, 2000). Accelerating the
drug development process while controlling costs is therefore of critical importance
in the biopharmaceutical industry now faced with shortened product life cycles due
to increased competition (Foo et al. , 2001; Savage, 2000). The time that companies
have to recoup their investment is shrinking while the costs of developing drugs are
rising (Gerson et at. 1998). The potential losses in revenue resulting from delays in
product approval can be considerable. It is often reported that for a moderately
successful drug (one with annual sales of $350 million), each day’s delay to market
incurs a loss of $1 million (eg. Clemento, 1999).

1.2.2

Cost of development and risks

Despite the large size and expected rapid growth of the human therapeutics segment
of the biotechnology industry, the development of biopharmaceuticals can be
problematic due to several obstacles and regulatory roadblocks. The length and cost
of drug development are alone sufficient to cause concern. Current estimates for the
total development time of a biopharmaceutical drug fall in the range of five to twelve
years, with an average of seven years (Bienz-Tadmor & Brown, 1994; Mackler et
a i, 1996; Foo et al., 2001). Estimates of the cost of development range from $250
million (Shamel & Keough, 1996, Walsh, 1998) to up to $500 million (Siegfried,
1998). In a decade the estimated cost for drug development and approval has risen
by

a factor

of 3-4

(Reisman,

1999).

An

additional

obstacle

that

the

biopharmaceutical industry faces is that the risk of failing to bring a new entity to
market is becoming greater because of the impact of more stringent regulatory
requirements, the greater investment needed and increased competitive pressures
(Halliday, 1996). Sofer & Hagel (1997) and Breggar (1996) commented that only
23% of drugs entering clinical trials become marketed drugs. However, DiMasi
(1991) originally derived this figure for new chemical entities (NCEs). Historically,
higher success rates have been reported for biotech products compared to NCEs. For
example, Bienz-Tadmor et al. (1992) calculated that 56-64% of biopharmaceuticals
entering Phase I clinical trials between 1980-88 reached the market. Other authors
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have provided success rates from Phase I to launch of 34% (Mackler et a l, 1996)
and 67% (Struck, 1994). However, more recent data suggest that the success rates
for biopharmaceuticals are possibly much lower. A study by Gosse et al. (1996)
indicated a success rate of 13% for biopharmaceuticals developed between 19801994. Industrial experts tend to share the opinion of such a low success rate, for
example, Avgerinos (1999) suggested a typical value of 15%. Given the time, cost
and risk associated with drug development, biopharmaceutical companies need to
have a portfolio of drugs in the pipeline to remain successful. Tiggemann et al.
(1998) highlighted that with the risks associated with drug development,
approximately 8-13 new molecules need to enter development per year to assure 1-2
product introductions per year. However, this poses tough operational issues,
covering challenges in product and process development, corporate administration,
human resources and facilities (Breggar, 1996).

1.2.3

Capacity bottleneck

Biotech companies face a key problem in terms of product supply since pre-clinical
studies, clinical trials and product launch are all underpinned by a necessity to
produce sufficient quantities of the prospective drug for evaluation. Depending on
the biopharmaceutical product, this could require milligram to gram quantities for
pre-clinical and clinical trials. Commercial production may require hundreds of
grams to over hundreds of kilograms of the product. The key manufacturing
challenge is to produce drug candidates to the correct quality in a timely and costeffective manner. This issue will become even more critical given the anticipated
short-fall in manufacturing capacity for the number of products passing through the
development pipeline in the coming years.

In contrast to most of the marketed biopharmaceuticals, many of the therapies now
coming to market are designed as long-term therapies or require large doses (eg.
monoclonal antibodies) and so they must be manufactured in mass quantities
(Dutton, 2000). Furthermore, many of the newer products are not being made by
their developers but by contract manufacturers. McCoy (2000) reported that contract
manufacturing executives perceive that capacity, particularly for antibody-based
products like Enbrel™ and Synagis™ with large doses, is in increasingly short

19

SCOPE AND BACKGROUND

supply. This capacity shortage could result in new products being unable to meet
their market demands or the development of products being cut short. Enbrel
exemplifies the former problem of supply. It is on its way to becoming a blockbuster
arthritis drug but the manufacturers, Immunex (Seattle, WA), are having trouble
keeping up with the demand and are retrofitting a plant to double supply (Slud,
2001). Indeed the CEO of Biogen (Cambridge, MA), J. Mullen (2000), predicted that
by 2005 the overall demand for biopharmaceutical manufacturing capacity would
exceed current capacity four-fold, despite expansions underway by the major biotech
companies such as Biogen, Amgen (Thousand Oaks, CA), Genentech (South San
Francisco, CA) and Lonza Biologies (Slough, England; Portsmouth, NH). For
example, Lonza Biologies is designing two new manufacturing suites, each with two
15,000-20,000L fermenters, sizes almost unheard of in contract manufacturing at
present.

Firms with a multiproduct drug development pipeline are reserving manufacturing
space with contract manufacturers without even knowing which product will be
made (McCoy, 2000). This can be quite risky considering that such bookings are
made with insufficient knowledge on the productivity of the cell line that will be
utilised and the likely dose range. Companies therefore risk underestimating the time
required, which could mean they have insufficient material for clinical trials, thus
resulting in delays. On the other hand, companies may find that they do not have a
drug candidate ready for manufacture at the required time, resulting in reserved
capacity being left idle. This could disrupt a company’s business strategy. Financial
resources would be wasted on unused capacity and need to be raised again for a later
date; alternatively failure to have a product and its process development ready at the
right time could result in termination of its development, with resources being
redirected to other candidates to ensure they meet their own deadlines for
manufacture.

1.2.4

Manufacturing costs

Manufacturing costs are reported to represent up to 20-25% of sales (Werner, 1998;
Coopers & Lybrand, 1997). Rosenberg (2000) indicated that process development
and clinical manufacturing costs could represent 40-60% of development costs; the
author also suggested that these costs could equal or exceed clinical trial costs. The
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tight squeeze on capacity, referred to earlier, has triggered extra pressure for rapid
capital investment or major capacity expansion and a drive to reduce manufacturing
costs at the commercial scale by an order of magnitude from $1000’s per gram to
$100’s per gram (Mullen, 2000). The drop in costs per gram since the 1980s is
exemplified in Figure 1.1, which shows the costs of four biopharmaceuticals from
Genentech approved between 1985 and 1999 and how a reduction in costs of nearly
one order of magnitude had been achieved.
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Figure 1.1 Cost of goods per gram of some of Genentech’s biopharmaceuticals
approved between 1985-1999 showing an order of magnitude reduction in cost per
gram achieved over one decade. (Adapted from Hayenga, 1999.)

The capacity bottleneck referred to in Section 1.2.3 has been compounded by
significant pressures to increase production scales for therapeutics such as antibodies
that are used at high doses (>lg per patient per year) and have large potential
markets (>500,000 patients) (Kelley, 2001). Chadd and Chamow (2001) suggested
that in order for the industry to maintain an acceptable margin on future production,
the cost of goods had to be reduced by 1-2 orders of magnitude to $10’s per gram.
They stipulated that the future cost target for mammalian cell culture was below
$50/g for high dose indications requiring greater than 200kg/yr.
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The challenges and pressures highlighted above have encouraged the search for
alternative production technologies such as the use of transgenics. Increasing interest
in the production of therapeutic proteins in the milk of transgenic animals, the eggs
of transgenic chicken and in transgenic plants can be attributed to claims of a lower
cost of goods and flexibility to modulate capacity, when compared with mammalian
cell culture. In reviewing literature sources a fair comparison of costs per gram is
further complicated by the fact that the annual production rate (kg/yr) is not always
stated with the cost; but the smaller the scale, the higher the cost per gram. Current
estimates of the cost per gram for different technologies where the production rate is
specified are summarised in Table 1.2. These results suggest that production in
transgenic corn is the cheapest, followed by transgenic goat and then mammalian
cell culture. In particular, the transgenic-based systems appear to offer a 1-2 order of
magnitude reduction in the cost of goods per gram at the lOOkg/yr scale. A more
thorough assessment of the economics of different expression technologies probably
needs to be addressed, however, in order to provide a fair comparison to
fermentation and transgenic-based processes.

Table 1.2 Comparison of cost per gram estimates for given production rates
Cost of goods per gram ($/g)
Expression system
CHO cells

100 kg/yr

1000 kg/yr

300-3000*

-

Transgenic goat

105*

36*

Transgenic corn

50*’

14^

" Source: Young e? a/. (1997)
Source: Mison & Curling (2000)

Investment costs for biopharmaceutical facilities are reported to range from $10
million to over $100 million. Young (2000) provided projected estimates of the
investment required for the production of antibodies using mammalian cell culture
and transgenic goat’s milk. The investment for the latter included the cost of herd
scale-up, farm and dairy facilities and purification facilities. A summary of these
costs for high dose products is shown in Table 1.3. These predictions suggest that at
such large scales, the capital requirements for transgenic-based processes could be
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up to half those for mammalian-based processes. This seems to indicate further that
transgenics are a viable alternative to cell culture, especially for scaling up
production to the ton-scale.

Table 1.3

Comparison of capital investment estimates for high dose antibody

production using different expression technologies*
Expression system

Mammalian cell culture
Transgenic goats

Capital investment
250 kg/yr

500 kg/yr

1000 kg/yr

$125M-$145M

$150-$205M

$220M-$295M

$30M-$75M

$75M-$90M

$80-105M

Adapted from Young (2000)

1.2.5

Pre-clinical and clinical trials

As mentioned earlier, the development of a biopharmaceutical drug is a lengthy and
expensive process. Once a potential new drug has been identified, it is subjected to a
series of tests to ensure it is both safe and effective in achieving its claimed
therapeutic effect(s). A summary of the key features of these pre-clinical and clinical
stages is provided in Table 1.4. This illustrates that early clinical trials focus on
demonstrating the safety and efficacy of the drug in up to 300 patients, while Phase
III trials involve much larger scale clinical studies monitoring long-term use of the
drug in typically up to 3000 patients. The drug is normally patented by the
developing company once it has been characterised and perhaps early clinical work
is under way, in order to ensure it receives maximal commercial benefit from the
discovery (Walsh, 1998). The data generated by the pre-clinical and clinical trials are
appraised by independent, government-appointed regulatory agencies, such as the
FDA in the USA, who decide if a drug should gain marketing and manufacturing
approval. In order to gain a manufacturing licence, a regulatory inspector will review
the proposed manufacturing facility to ensure that every aspect of the manufacturing
process is conducive to the consistent production of a safe and effective product
(Walsh, 1998).
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Table 1.4 Testing phases for a potential biopharmaceutical drug
Preclinical
testing

Clinical trials
Phase I

Phase II

Phase III

Years

1-5

0.5-2

1-3

1-5

Test

Laboratory

20-80

100-300

1000-3000

population

and animal

healthy volunteers

patient volunteers

patient volunteers

Assess

Determine

Evaluate

Confirm

safety and

safety and dosage

effectiveness

effectiveness, minor

studies
Purpose

1.2.6

biological

adverse reactions

activity

from long-term use

Bioprocess development and m anufacture

The manufacture of therapeutic products is one of the most highly regulated and
controlled manufacturing processes (Walsh,

1998). Market approval

of a

biopharmaceutical is centred on its quality, safety and efficacy. All aspects of the
manufacturing process must comply with the highest safety and quality standards
too. Hence a key objective of process development is to achieve a better
understanding of the operating conditions that control the process as the product
moves through different stages of clinical development.

A major and costly part of product development is the establishment of new
manufacturing processes and analytical methods (Gregersen, 1995). In Table 1.5 the
key issues that should be addressed during process development are listed. Multiple
criteria are evaluated when examining process options. In addition to considering the
process capabilities, it is also important to assess the following perspectives of the
process: quality, regulatory, safety, legal, economic and flexibility (Hayes &
Wheelwright, 1984; Gregersen, 1995). Such an analysis helps decide whether a
potential process is sufficiently attractive to warrant development by highlighting its
capabilities and limitations. This is particularly important in biopharmaceutical
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companies that typically have a portfolio of drug candidates to manufacture for
clinical trials, but with finite resources, budget and capacity. Early planning of
process development activities and the appropriate allocation of resources to the
stage of clinical development are key to cost management and meeting clinical trial
demands on time. If material supply for clinical trials, product characterisation
studies and stability testing becomes interrupted or delayed, valuable time may be
lost and other ongoing development projects are likely to experience knock-on
delays (Clemento, 1999).

The following discussion highlights the major steps in process development and
indicates how the different perspectives shown in Table 1.5 come into play. Ideally a
production process should be designed prior to pre-clinical development and be
amenable to scale-up and optimisation. The material used for pre-clinical and
clinical trials should be produced using the same process by which it is intended to
undertake final-scale commercial manufacture. Any significant deviation from the
production protocol, used to generate the trial material, could invalidate all the
clinical trial results with respect to the proposed commercialised product (Walsh,
1998). Hence Walsh (1998) recommended that extensive early development work
was essential. However, considering the risk of failure of a drug, the extent of
process development and optimisation required are often dependent on the stage of
clinical development and the drug’s perceived likelihood of success.

25

SCOPE AND BACKGROUND

Table 1.5 Bioprocess development considerations
Criteria

Example

Operational performance

Titres
Yields
Purity
Resource utilisation
Scale-up/Scale-down

Time spans

Process development effort
Batch processing time
Meeting clinical demands on time

Quality and regulatory compliance

GMP standards
Validation of equipment, process, assays
Quality of raw materials
Batch and product consistency
Product characterisation

Economic

Cost of development
Manufacturing cost of goods
Facility cost
Economies of scale
Sales expectation

Safety and environment

Containment
Batch contamination
Cross-contamination
Waste material handling

Legal

Infringement of existing patents
Biologies license application (BLA)

Flexibility

Process changes
Manufacturing demand changes
Product changes
Capacities and bottlenecks
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The effort required for process development at the different stages of clinical trials is
governed by compliance to Good Manufacturing Practice (GMP) standards. These
serve to ensure consistent production of a safe, effective product. For Phase I and
Phase II clinical trials, operating conditions of the process can be defined broadly. At
this stage, risk of clinical failure is high and costs are controlled by performing
development only to the point where a reproducible process is in place (Byrom,
2000). For Phase III, it is necessary to specify the upper and lower bounds of
operating conditions and demonstrate an understanding of the effect of deviations on
product yield and quality. Substantial effort and resource are required to develop
fully and optimise the process for cost-effective manufacture. Economic aspects such
as fermentation titres, yields and the cost of materials, staff and equipment need
constant attention (Gregersen, 1995). Analytical assays and product characterisation
techniques must be as specific as possible. Validation becomes a major activity at
Phase III. The equipment, process, facility and assays all need to be fully validated.
Process reproducibility is confirmed through 3-5 consistency batch manufacturing
runs.

Historically, companies have tended to focus process optimisation efforts after a
drug has successfully reached the end of Phase II so as to avoid large capital
expenditures on ultimately unsuccessful drugs. Some companies may not even
concentrate on process optimisation or scale-up and instead opt to meet clinical
demands with an inefficient process in an attempt to avoid delays in reaching the
market. For example, Amgen (Thousand Oaks, CA) based their large-scale
production of Epogen™ on roller bottles to avoid the delays of scaling up to
conventional fermenters (EU Patent, 1990; US Patent, 1997). This has been possible
thus far since successful drugs have been able to command significant price
premiums and so manufacturing costs were small relative to revenues (Pisano &
Wheelwright, 1995). However, this is becoming increasingly unacceptable as
reduced pricing flexibility, higher costs and shorter product life cycles are
pressurising pharmaceutical and biotech companies. Hence fast, efficient and
effective process development is required which does not compromise on time to
market but instead accelerates it.
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Until recently, the manufacture of biologies was allowed only in the licensed and
inspected facilities under the strict control of the license holder. In 1996, the FDA
eliminated the requirement for an establishment license application (ELA) which had
to be provided in addition to the product license application (PLA) (Federal Register,
1996). Now manufacturers only need to file for a biologies license application
(BLA) and late clinical trial material no longer has to be produced in the same
facility or at the same scale as the commercial product. Hence a number of the
regulatory roadblocks to manufacturing biologies have been removed. This has
facilitated the use of contract facilities for product manufacture until such time that
products are commercially viable. Consequently purpose-built facilities do not have
to be built prior to product approval anymore and early commercial production can
take place in a contract facility.

Such outsourcing to contract manufacturers has become increasingly popular with
both large pharmaceutical companies and the biotech community in particular
(Byrom, 2000) and is currently growing at a rate of 20% per year (Savage, 2000).
Process development, manufacturing and GMP standards all pose difficult decisions
for biotech firms, especially emerging companies. The decision to produce clinical
supplies either in-house, using existing facilities or building a new facility, or to use
contract manufacturers is affected by several factors. These include the phase of the
clinical trial, the scope and cost of facilities needed for process development and
commercial production, compliance of a facility with GMP issues and compliance
with unique biotech facility validation requirements for such factors as air handling,
and to address cross contamination and operation of multi-use facilities.
Most biopharmaceutical companies strive to minimise development times, often
resulting in sub-optimal cell lines and processes. More efficient development,
production and testing methodologies are required, principally through the use of
platform technologies and generic manufacturing processes (Kelley, 2001).
Numerous decisions need to be made in the journey from lab to marketplace.
Therefore, it is necessary to define decision criteria up-front, such as go/no-go
decisions (Tiggemann et a l, 1998). Decisions should be made by considering the
associated cost, risk and time. Holistic decision-making can be achieved by
capturing both the operational and financial aspects of manufacturing. The
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availability of models to encapsulate and then to simulate such behaviour can be an
important asset for fast and cost-effective process development. Modelling efforts
can help suggest the scope of development needed and the overall viability of the
process.

1.3

C h a lle n g e s o f m o d e llin g b io p h a r m a c e u tic a l m a n u fa c tu r e

In the past, process modelling has usually been treated separately from the modelling
of business issues. Table 1.6 illustrates the issues often addressed by the two types of
models. This analysis shows that process modelling has traditionally focused on
creating mathematical relationships between variables to describe the technical
performance of unit operations. This involves calculating mass and energy balances
and analysing sensitivity to changes in assumptions or parameter values. Process
models are usually created using spreadsheets or general-purpose simulators
equipped with numerical solving techniques. The complexity of describing
biotechnical processes has encouraged the application of artificial intelligence
techniques, such as knowledge-based expert systems and neural networks,
particularly for process control (Polakovic & Mandenius, 1996).

Business process modelling addresses strategic issues such as project costing,
production planning, scheduling and project management. Traditional planning
methods include spreadsheet-based planning and commercial Master Production
Schedule systems. However, these methods are difficult to maintain and provide
limited decision support. Puigjaner & Espuna (1998) detail further aspects of batch
process industries, such as biopharmaceuticals, that standard resource planning tools
cannot handle. The limitations of these tools has led to them being used as
registrative systems in the process industries, leaving a gap between the automated
batch process, process management systems and logistic information systems
(Puigjaner & Espuna, 1998).

Cost models are often spreadsheet-based and hence static. More recently objectoriented techniques have been introduced to address the need for intelligent decision
support tools to improve planning speed and evaluate the impact on costs. Discreteevent simulation techniques based on object-oriented languages have gained
popularity for modelling workflows and the logistics of operations; such models are
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dynamic, comprise entities that can compete for resources, and can capture events
and delays occurring during manufacture (eg. Banks, 1998).

Table 1.6 Process and business modelling applications
Model type

Application

Process

Mass and energy balances
Plant design
Capacity management

Business

Capital investment decisions
Cost of goods analysis
Cash flow analysis
Scheduling & production planning
Risk assessment

Computer-aided process simulation has become a standard tool to plan, design,
optimise and evaluate chemical processes (Gritsis & Titchener-Hooker, 1989).
However, the application of computer simulation has been slower in the
biopharmaceutical industry and the reasons for this have been highlighted by several
authors (Gritsis & Titchener-Hooker, 1989; Bogle et al., 1996; Petrides et al., 1995;
Polakovic & Mandenius, 1996; Gosling, 1996). The very specific behaviour of
biological systems and the lack of fundamental physical property data have proven a
major

obstacle

biopharmaceutical

in

the

parallel

processes.

In

creation

of

general-purpose

addition,

the

more

common

models

for

steady-state

flowsheeting packages for chemical processes are of limited use for bioprocess
simulation as most of the biotechnological processes are run in batch or semicontinuous mode that require more complex mathematical solutions. The use of
computer simulation has been further restricted by the lack of robust and predictive
models for all the unit operations especially those involved in downstream
processing. Gosling (1996) also comments that the extensive use of simulation in the
biopharmaceutical industry has been hampered by the scarcity of trained personnel
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to develop and run simulations in contrast to the presence of departments dedicated
to this in chemical companies.

PROBLEM
FORMULATION

MODEL
CONCEPTUALISATION

DATA COLLECTION

MODEL TRANSLATION
INTO SOFTWARE

VERIFICATION &
VALIDATION

DESIGN OF SIMULATION
SCENARIOS

SIMULATION RUNS &
ANALYSIS

DOCUMENTATION &
REPORTING

DECISION-MAKING

Figure 1.2 Steps in a simulation study. (Adapted from Banks, 1998.)
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1.4

B e n e f it s

o f p r o c e s s s im u l a t io n

Despite the problems noted earlier, the potential benefits of computer-aided process
design tools have been gaining increasing recognition in the bioprocessing industry
confronted with limited finances and pressing timelines. It is now widely
acknowledged that such tools can be used to reduce the process development time by
allowing different process sequences and operating conditions to be examined
inexpensively by modelling, thus saving time and reducing costly pilot-scale trials
(Gritsis & Titchener-Hooker, 1989; Gosling, 1996; Petrides & Sapidou, 1997).
Petrides & Sapidou (1997) also indicate the use of process design tools for the
retrofitting of existing facilities by evaluating the impact of process modifications
made to existing manufacturing facilities. This is especially applicable to contract
manufacturers and multipurpose plants. Simulation models can also be used to
perform bottleneck analysis and hence determine the causes of delays (Banks, 1998).
The advantages of a computer-based tool that permits bioprocess decisions to be
better placed in the context of business processes are also gaining increased
recognition. The steps intrinsic to such a simulation study are summarised in Figure
1.2. The remainder of this chapter provides examples of the approaches adopted to
address these two types of modelling in the processing industries.

1.5

S im u l a t o r s

f o r t h e c h e m ic a l in d u s t r y

The foundations of computer-aided engineering of chemical processes were laid in
the 1960s (Biegler, 1989). During this period two different approaches to process
flowsheeting evolved:
sequential modular approach used only for steady-state simulation
equation-oriented approach, which also enables dynamic simulation.

Commercial software packages such as ASPEN PLUS™ or SPEEDUP™
(AspenTech, Cambridge, MA) have been valuable tools for chemical engineers in
process design and retrofit in recent years. ASPEN PLUS has a library of pre
defined chemical unit operations; process simulation using ASPEN PLUS is based
on sequential modular technology in which each unit in the process is solved
module-by-module in a stepwise manner. Such an approach facilitates the rapid
construction of flowsheets and enables model equations within unit modules to be
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altered without affecting the flowsheet structure. However, limitations include
awkward iteration loops that are required when there are recycle streams or
optimisation calculations (Biegler, 1989). Furthermore, this methodology is not
suited to modelling batch operations that exhibit transient behaviour.

SPEEDUP provides an equation-oriented model building environment in which all
model equations are solved simultaneously using its library of mathematical solution
techniques for either steady-state or dynamic simulation. Chemical engineers have
employed it to build flowsheets as well as to create their own library of process
models. (SPEEDUP has been recently replaced with Aspen Dynamics™ and Aspen
Custom Modeler™.) Another process simulator capable of dynamic simulation is
gPROMS (Barton & Pantelides, 1994). Such simulators are more suited to modelling
time-dependent behaviour in batch and semi-batch operations.

BATCHES (Batch Process Technologies, West Lafayette, IN) is another process
simulator for batch and semi-continuous processes. It combines discrete and
continuous simulation methodology and requires the user to specify the equipment
network, task network and simulator parameter file. Young & Reklaitis (1989)
illustrated its use for a capacity expansion study of a single-product batch chemical
plant.

In conjunction with dealing efficiently with the modelling activities of complex
chemical processes, some packages adopt an object-oriented paradigm and this has
been gaining increased popularity. Examples of this generation of languages include
OMOLA (Nilsson, 1989), MODEL.LA (Stephanopoulos & Han, 1996) and G2®
(Gensym Corp., Cambridge, MA). A key contribution of these languages is the use
of hierarchical submodel decomposition and inheritance in order to manage the
complexity of the model building activity and to facilitate the reuse of existing
models. Batch Development and Design Knowledge, BDK (Hyprotech, Alberta,
Calgary) is a tool developed for chemical process development based on the objectoriented Pascal language. BDK grew out of research by Stephanopoulos at MIT
where earlier prototypes (Batch Design-Kit) were developed using the MODEL.LA
language (Stephanopoulos & Han, 1996) and then the G2 language.
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1.6

P r o c e ss

sim u l a t io n t o o l s f o r t h e b io t e c h in d u s t r y

The development of computer-aided design tools for bioprocessing began in the mid
1980s, perhaps driven by the commercialisation of new high-value bioproducts
(Petrides et a l, 1995). Two main routes for developing bioprocess simulators have
been pursued. Firstly, attempts to adapt existing packages for chemical process
design are reviewed. The second option has been to use research information and
data in order to develop models, which describe individual unit biochemical
operations, and implement them in general-purpose simulators.

BioProcess Simulator™ (BPS) was the first commercially available process
simulation tool specifically designed for the biotech industry (Petrides et al., 1996).
BPS was an extension of the established chemical process simulator ASPEN PLUS
and used the infrastructure and facilities provided by ASPEN PLUS. BPS carried out
material and energy balances, estimated the size and cost of equipment and carried
out economic evaluation (Petrides et al., 1996). Researchers at MIT illustrated the
use of AspenTech’s BPS for developing and evaluating conventional bioprocesses.
Here the unit operations used were similar to those in the chemical industry, namely
the manufacture of Penicillin G from proteolytic enzymes (Cooney et al., 1988) and
porcine growth hormone from E.coli (Petrides et al., 1989). However, BPS retained
several chemical engineering characteristics that rendered it difficult to apply to
bioprocesses. Technical support for BPS was discontinued in 1998. Models of
chromatographic unit operations are now available in Aspen Chromatography. Batch
Plus™ is another AspenTech product for modelling recipes in batch manufacture but
it is geared towards chemical processes.

BioPro Designer® was the second bioprocess tool to emerge on the commercial
scene (Petrides et al., 1996). It was initially developed within the Biotechnology
Process Engineering team of MIT under the name of BioDesigner. Intelligen, Inc.
further developed it further and commercialised first the Macintosh and later the
Windows versions of BioPro Designer. Petrides et al. (1996) indicated that this tool
handles material and energy balances, equipment sizing and costing, economic
evaluation, process scheduling and debottlenecking of batch operations in a simple
manner. Extensions of BioPro Designer, such as EnviroPro Designer®, have been
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created for design and evaluation of environmental processes and SuperPro
Designer® is a superset of all of these.

Most of the work published on the use of BioPro Designer has been by its founders,
Petrides and co-authors. Petrides (1994) initially published a report on the
architecture of BioPro Designer. Later publications illustrated the use of BioPro
Designer for the analysis and evaluation of the production of bioproducts: eg. betagalactosidase from E.coli (Petrides et al., 1995; Petrides & Sapidou, 1997),
biosynthetic human insulin (BHI) from E.coli (Petrides et al., 1996), blood products
(Petrides & Calandranis, 1997) and monoclonal antibodies from transgenic milk and
mammalian cells (Petrides & Calandranis, 1997). Other applications include the use
of SuperPro Designer to design and evaluate two different manufacturing processes
for heparinase I from E.coli based on two lab-scale processes for soluble and
insoluble protein expression (Ernst et al., 1997). These authors pointed out that the
initial constmction of a flowsheet is facilitated greatly by the Windows-based user
interface of SuperPro Designer, as compared with AspenTech's BPS. Evangelista et
al. (1998) used SuperPro Designer to assess the potential for using transgenic corn as
a recombinant protein factory. Despite these publications on BioPro Designer, none
provide a critical assessment of this package but just illustrate its use for various
bioprocesses.

The use of the simulator BATCHES has also recently been demonstrated for
bioprocesses. Watson et al. (2000) investigated its use for modelling one of Eli
Lilly’s biosynthetic manufacturing plants. They studied the impact of changes in
chromatographic operating parameters on the overall process throughput.

Recently there has been a considerable interest in object-oriented knowledge-based
system tools and many biopharmaceutical companies use such tools for real-time
control purposes (Polakovic & Mandenius, 1996). Gensym’s 0 2 is an example of
such an object-oriented development and deployment environment used to build
intelligent applications that solve complex, dynamic application problems. It
combines powerful software features, such as real-time execution, heuristic and
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procedural reasoning, dynamic scheduling and data interface capabilities, into a
single package (Dye, 1991).

Gensym also has a growing number of products based on 0 2 created by software
development partners for specific pharmaceutical industry applications. Jacobs
Engineering, one of the largest engineering and construction companies, builds a JE0 2 model for its clients using its 02-based tool with existing equipment libraries for
process and utility equipment. They claim that clients benefit from visual
enhancement of processes and analysis of production capacity, equipment utilisation
and utility requirements, scheduling and ‘what i f scenarios. Another example of its
application in the biopharmaceutical industry is Eli Lilly’s use of Oensym’s
Diagnostic Assistant® (ODA) to control its fermentation process for antibiotics
production by reducing variability and increasing yields while reducing unit costs
(Manji, 1997). Eli Lilly chose ODA because of its open architecture, natural
language and block-oriented programming which enabled rapid development of
applications.

Other 02-based tools include ReThink®, which is a powerful and flexible software
tool for re-engineering, analysing, optimising and managing complex business and
production processes. Recent research at The Advanced Centre for Biochemical
Engineering at UCL employed ReThink to develop decisional models to help
biopharmaceutical companies plan the drug development phase more systematically
(eg. Karri et aL, 2000).

Parallel to this activity, UCL has been working to develop process models since the
scope of available bioprocess simulation packages is often limited due to the lack of
robust and predictive models for the unique unit operations that exist in bioprocesses
(Clarkson et al., 1994).

Research at UCL has identified the importance of understanding process interactions
and demonstrated the use of verification trials to confirm and improve the fidelity
and accuracy of bioprocess simulations. These models have been developed and
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solved using general-purpose simulators, and focus mainly on downstream
operations.

Gritsis & Titchener-Hooker (1989) demonstrated the use of SPEEDUP to model a
train of three downstream unit operations, namely ultrafiltration, precipitation and
centrifugation so as to determine the minimum processing time. Siddiqi et al. (1991)
identified and modelled the process interactions between

a high-pressure

homogeniser and the subsequent centrifugation step for cell debris removal in a
typical downstream process for the recovery of an intracellular product. Bogle et al.
(1993) simulated the production and recovery of porcine somatotrophin inclusion
bodies from E.coli. Clarkson (1994) developed and verified models for precipitation
and centrifugation in SPEEDUP for the production of the intracellular enzyme ADR
from yeast and tested them with data on the production of beta-galactosidase from
E.coli. Varga (1997) utilised spreadsheets and MATLAB® models as the basis for
simulations to test and modify the precipitation and centrifugation models for
recombinant ADR from modified yeast.

Lu et al. (1994) demonstrated that gPROMS could be used to simulate biochemical
batch production processes by exploring its capabilities to model a train of unit
operations consisting of fermentation, centrifugation and homogenisation for the
production of an intracellular bioproduct from yeast. A particular strength of
gPROMS was noted as being the modelling structures for describing process
discontinuities.

Zhou et al. (1997) illustrated the use of simulations in exploring the nature and
impact of interactions that exist in a typical bioprocess for the recovery of an
intracellular protein. The authors introduced the use of windows of operation to
illustrate the trade-offs between product recovery and the extent of cell debris
removal for a range of operating conditions. The simulation was implemented in
Lab VIEW

(National

Instruments,

Austin,

TX),

a

graphical

programming

environment traditionally used for control applications.
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Quite a few examples of fermentation models have also been presented in the
literature. Tziampazis & Sambanis (1994) provide a comprehensive review of the
types of cell culture models. Owing to the higher complexity of animal cells over
bacterial systems, unstructured kinetic models have been widely used to describe the
interaction of hybridoma cell metabolism and environment since they are relatively
easy to build. Most of these models describe the mass balances of the viable cells,
the two key substrates (glucose and glutamine), the two key by-products (ammonia
and lactate) and the antibody in the form of differential equations with respect to
time (eg. Jang & Barford, 2000). Attempts have also been made to generate
structured kinetic models that consider the cell as multiple components (eg. Batt &
Kompola, 1989).

Applications of artificial intelligence techniques to monitoring and control of
fermentation processes have attracted increasing attention. Yet their use as a
modelling and simulation tool alone does not appear to be widespread. Neural
networks can be developed for a particular process by training it with data. Examples
include dynamic optimisation of hybridoma growth in a fed-batch bioreactor (Dhir et
al., 2000). A simple unstructured kinetic model was used to formulate an on-line
control mechanism based on a fuzzy logic technique and optimisation technique. Fu
& Barford (1994) demonstrated the advantages of using a structured mathematical
model in conjunction with artificial intelligence techniques for tuning the model
parameters and achieving control.

In addition to simulation studies, work on optimising processes has been reported.
Attempts to combine the operation and scheduling of bioprocesses have often been
addressed using optimisation techniques. In these cases the objective function is
often to minimise costs or maximise profit. Process models are usually combined
with crude cost indicators. Rather than estimating the total capital investment or
operating cost, the cost models used tend to be related to direct costs of particular
equipment or materials.

Optimisation has typically been carried out for individual unit operations. Examples
include the use of dynamic optimisation to determine process variables that
maximise profit for a fed-batch fermenter and cross-flow microfiltration step
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(Chekhova et a l, 2000). Such an analysis can suffer from not taking into account
interactions between unit operations. Groep et al. (2000) used performance models
and optimisation algorithms in MATLAB to investigate the best overall set of
operating conditions for an enzyme production process. They illustrated the
advantages of such an approach over optimising individual operations, which can
lead to sub-optimal performance.

The design and optimisation of multiproduct batch plants has been also investigated
for batch process plants. In particular, Montagna et al. (2000) and Asenjo et al.
(2000) explored the use of time and size factor models to optimise protein
production plants. Samsatli & Shah (1996) introduced an optimisation procedure for
biochemical processes that comprised of two stages. The first stage employed
dynamic optimisation where operating conditions were determined. The second
stage determined the optimal operating schedule for the plant.

Process models have also been used for process synthesis, where algorithms are used
to create suitable process flowsheets rather than assess given ones. Steffens et al.
( 1999) demonstrated a process synthesis procedure to identify the best solutions for
different objective functions. The algorithm was applied to the synthesis of a
penicillin manufacturing process to identify process flowsheets that were both
environmentally and economically attractive.

This section provided an overview of published work towards the development of
bioprocess simulators. This indicated that most of the work has either concentrated
on adapting process simulators for the chemical sector or on developing detailed
models of individual unit operations, sometimes linked to direct costs for
optimisation. However, no work has been presented that allows modelling of
complete bioprocesses so as to encompass the process performance as well as the
accompanying capital investment, operating costs, resource utilisation

and

uncertainties. This thesis investigates the possibility of combining process, cost and
risk modelling in a single framework. The next section describes work published on
cost modelling in the biopharmaceutical sector and is followed by a review of risk
modelling.
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1.7

C o st

m o d e l l in g

Historically, attractive returns have made companies emphasise speed to market
rather than focusing on improving the economics of the process (Sadana &
Beelaram, 1994). However, financial, competitive and capacity pressures now
demand that a manufacturing strategy be developed and incorporated into a
company’s business strategy. Hence emphasis on estimating and improving
manufacturing costs is growing in biopharmaceutical companies. Byrom (2000)
highlighted the advantages of early process cost modelling to focus R&D efforts on
process areas likely to give most cost-benefit and to provide an indication of the
economic viability of a product. An overview of specific cases involving economic
analysis and costing found in the literature is given below.

1.7.1 Capital investment for manufacturing facilities
Key factors influencing facility costs are whether the facility is a pilot plant or a
commercial plant, the level of GMP compliance and the clean-room conditions.
Rogers (1993) pointed out that for clean-room spaces, the critical aspects were:
layout, HVAC systems and surface-finishes.

The fixed capital investment is often defined as the capital paid to the contractors to
build the plant ready for start-up. It includes the cost of the buildings complete with
all the equipment, piping, instrumentation and utilities installed; in addition indirect
costs such as the design and engineering costs as well as the contractor’s fees need to
be accounted for. Estimates of facility costs are often made using either benchmark
costs or factorial estimates. Bender (1996) provided examples of benchmarks
construction costs that represent 65-80% of the total capital cost:
-

pilot plant facilities

$300-$600/ft^ ($3225-$6450/m^)

GMP dedicated biotech facility

$600-$ 1,500/ft^ ($6,450-$ 16,125/m^)

Tedesco & Titus (1995) provided similar estimates. These costs did not include the
indirect capital costs. Rogers (1993) provided a useful breakdown of facility and
process-related

construction

costs

for

different

areas

such

as

fermentation/purification, finishing areas, utilities and offices.

Process engineers often employ a factorial method for capital cost estimation.
Factorial estimates are based on the analysis of costs of previous projects and relate
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the total capital cost of the plant to the cost of the equipment in the plant. The
factorial method is often attributed to Lang (1948) where the fixed capital
investment is estimated by multiplying the total equipment purchase cost by a factor,
usually termed the “Lang factor”. For chemical engineering facilities, the value of
the factor typically lies in the range of 3-4.8 (Sinnott, 1993; Peters & Timmerhaus,
1991). Comprehensive studies to determine an appropriate range of Lang factors for
biopharmaceutical facilities are not presented in the literature. However, ranges of
2.9-5.8 for biotech facilities (Nelson, 1998) and 6-8 for pharmaceutical facilities
(Osborne, 1997) have been suggested. However, it is not clear what cost components
are included in each case and how the values were derived.

A key stage in determining the capital required for a production facility is
ascertaining the total equipment purchase cost. To estimate the cost of a new piece of
equipment, process engineers often use the well-known six-tenths rule (Sinnott,
1993); this relates the sought-for cost to a known cost for that type of equipment and
the ratio of their capacities raised to an exponent (0.6). However, Remer & Idrovo
(1991) warned against blind use of the exponent value 0.6 and presented exponential
scaling factors for 58 different types and sizes of bioprocess equipment where the
exponent value ranges from 0.36 for computer-controlled fermenters to 1.00 for
ultrafiltration rigs.

1.7.2

Production costs

Manufacturing costs typically comprise direct production costs, such as raw
materials and utilities, and indirect costs such as depreciation and insurance. The
distinction between variable and fixed costs is not consistent in different sources; for
example, labour can be considered to be either directly related to operating activities
or to be a fixed annual charge. In addition, for cost analyses in the literature it is not
always clear what is included under different cost categories.

Chemical and biochemical engineering textbooks (eg. Sinnott, 1993; Bailey & Ollis,
1986; Atkinson & Mavituna, 1991) provide methods for estimating the cost
categories that make up the manufacturing cost. The methods are based on
calculating the direct operating costs from a process flowsheet. The remaining costs
are calculated as percentages of the direct operating labour or fixed capital
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investment. These estimates are based on either chemical plants or traditional
fermentation processes. They, therefore, provide useful concepts but do not account
for the extra running costs in GMP facilities.

An overview of the cases found in the literature that involve economic analyses of
specific products is provided below. The biochemical engineering textbook by
Atkinson & Mavituna (1991) provides complete examples of how to estimate the
production costs for different traditional processes, including intracellular enzyme
and penicillin production. Datar et aZ.(1993) illustrated how the expression system
could have a major impact on the total number of required processing steps and
hence the economic viability of a product. They compared the costs of producing the
recombinant protein, rtPA, in E.coli and CHO cells.

Detailed attempts at deriving costs for transgenic expression technologies are also
starting to appear in the literature, anticipating ton-scale production of antibodies.
Mison & Curling (2000) assessed the costs of producing a recombinant protein in
transgenic corn based on pilot scale experience at Meristem Therapeutics (ClermontFerrand, France). A clear account is provided on how the costs were derived at
different expression levels, purification yields and plant capacities. The authors also
illustrated how the results of sensitivity analysis to individual factors could be
combined to determine the overall adjustment factor to apply to the production cost
as a result of multiple factors changing values. Young et al. (1997) and Fulton
( 1999) presented another examination of costs of transgenics based on experience at
Genzyme Transgenics (Framingham, MA). Young et al. (1997) illustrated how the
annual production capacity and purification yield influenced the cost. Fulton (1999)
provided a cost breakdown of the total material, labour, overhead and depreciation
costs for the production of monoclonal antibodies in transgenic goat’s milk at a
production output of lOOOkg/yr. However, in both cases details on how the figures
were deduced were not provided.

The remaining contributions in the literature tend to focus primarily on the cost of
chromatographic separations rather than whole processes. Examples of direct costs
associated with chromatography operations are given in Sofer & Hagel (1997).
Sadana & Beelaram (1994) highlighted the contribution of different authors to the
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economic analysis of bioseparation steps. A particularly useful analysis was carried
out by Fulton et al. (1992) that compared the use of conventional chromatography
with perfusion chromatography operated in two cycling modes for the separation of
monoclonal antibodies, tPA and animal growth hormones. The authors indicated that
capital and operating costs were projected using conventional estimation methods,
giving an accuracy of ± 30%. The cost savings, operational benefits from cycling
with perfusive columns and the potential disadvantages of such an approach are
highlighted.

Middelberg (1996) provided a thorough analysis of the impact of the refolding step
on the overall process economics for a recombinant protein produced from E.coli.
The equations used to determine the costs of equipment, consumables and waste
treatment were provided. The sensitivity of the dimensionless annual operating cost
to operational and kinetic parameters was explored, highlighting the cost penalties
associated with maximising yield under certain conditions.

In addition to assessing the production costs of biopharmaceuticals, certain
publications have also assessed the profitability using standard discounted cash flow
techniques. Cash arising in the future is discounted back to the present by a discount
rate, so as to calculate the net present value (NPV) of the cash stream; a positive
NPV indicates that the investment is attractive. Examples are provided in
publications using BioPro Designer (eg. Petrides & Calandranis, 1997). Novais et al.
(2001) provided a detailed economic analysis of the use of disposables-based
processes for the commercial production of biopharmaceuticals. Costing models
were developed which permit the cost of disposables-based facilities to be
approximated based on the equipment cost in a conventional facility. NPV analysis
was used to assess the viability of disposables under different scenarios.

NPV analysis has also been used to assess the influence of manufacturing activities
on the management of R&D drug portfolios. Such analyses have tended to measure
manufacturing using a single measure such as the overall productivity, and include
other parameters such as the dosage, probability of clinical success and learning
curve effects. Nicholson & Latham (1994) used NPV analysis to demonstrate the
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financial advantages in contracting out manufacturing rather than in-house
manufacture. Sharpe & Keelin (1998) described how SmithKline Beecham used
decision-trees and NPV analysis to determine the expected value of different
portfolios so as to facilitate financial resource-allocation decisions. The paper
focused on the methodology rather than detailing how individual costs were
deduced. However, using NPV analysis for R&D projects is complicated by the
many decision points and time-dependent uncertainties in drug development. Booth
(1999) highlighted that Merck were investigating the use of real options theory for
financial appraisal of R&D investments. However, Booth (1999) indicated that real
options theory is complex and so is used as a supplement to conventional NPV
analysis, to illustrate the value of an option to proceed when more information
becomes available.

Current

economic

evaluations

may

not

account

for

hidden

costs

in

biopharmaceutical manufacture. The time and cost issues of validation and
regulatory issues are usually underestimated. Another area of ongoing cost is
environmental monitoring to maintain controlled environments. Pugh (1998)
highlighted further hidden costs including process development effort, batch failure,
risk, change-over time, learning curve effects and plant utilisation versus product
demand.

1.8

R i s k MODELLING

Traditional process modelling and investment analysis techniques assume all outputs
occur with certainty and hence they are ‘no-risk’ performance measures. However,
manufacturing decisions are often made in an uncertain environment characterised
by technical and market-related risks. For example, common uncertainties in
manufacturing systems include yields, processing times, set-up times and batch
failures (Banks, 1998), as well as the amount of investment required, the cost of
inputs into production and product demands.

Various approaches for identifying and measuring the uncertainty associated with a
project appraisal have been advocated in the literature. The simplest method is to
conduct a sensitivity analysis of each of the principal variables; the impact of ± x%
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changes in each variable on the key output measures is observed. This provides a
result for a given change, but it does not consider the likelihood of this change
occurring (Moilanen & Martin, 1996).

More formal methods of incorporating risk require a subjective assessment of the
probability distributions of all the key variables. Two of the methods for using this
information are ‘risk adjustment’ and ‘Monte Carlo simulation’.

For risk adjustment, each input is weighted by the likelihood of occurrence. The key
output measures are therefore risk-adjusted values that represent expected average
values taking account of all possible outcomes. This method is recommended by
Moilanen & Martin (1996) for financial evaluation of environmental investments.
Monte Carlo simulation techniques are used increasingly in various business
situations (Hayes & Wheelwright,

1984). This uses the input probability

distributions to determine the resulting probability distributions of the outputs. These
can then be used to identify the range of possible outcomes and the likelihood of
exceeding a critical threshold value. The popularity of Monte Carlo simulation can
be attributed to the increase in computing power. In addition commercial packages
for Monte Carlo simulation have been introduced that are relatively easy-to-use and
inexpensive;

examples

include the

spreadsheet

add-ons

@RISK

(Palisade

Corporation, Newfield, NY) and Crystal Ball (Decisioneering, London, England).
Determining the probability distributions of the key uncertain inputs is usually based
on historical data or subjective estimates from industrial experts. An increasing
number of companies use subjective estimates where typically three levels for each
variable are specified -

minimum, most likely and maximum (Hayes &

Wheelwright, 1984). Booth (1999) highlighted the importance of incorporating
project-specific risks into investment appraisals that use discounted cash flow
techniques. Cash flows are given appropriate probabilities and Monte Carlo
simulation can be used to calculate the expected NPV. Booth (1999) highlighted that
project-specific risks should not be used to influence the discount rate.
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1.9

A im s

a n d o r g a n is a t io n o f t h e sis

The preceding sections have provided a description of the pertinent features of the
biopharmaceutical drug development process, highlighting the role of process
development and manufacturing, and an overview of the current position of process
and business simulation in the biopharmaceutical industry. Attempts to combine
bioprocess modelling with business modelling have been reported. However, the
literature survey highlighted that at present no package allows both process
modelling and effective décision-support that relates bioprocess decisions to the
following strategic business issues: resource management, costing and risk.

The aim of this thesis was to investigate the possibility of capturing both the
technical and business perspectives of biopharmaceutical manufacturing processes in
a single and consistent framework. This can facilitate more informed decision
making when evaluating manufacturing alternatives and permit risk analysis.

A

generic process for the production of monoclonal antibodies, based on cell culture, is
used for the design, implementation and application of the computer-aided
simulation tool. In order to achieve this aim a set of objectives has been identified
which form the basis of each of the following chapters.

Chapter 2 presents an investigation of the commercial production methods employed
to manufacture monoclonal antibodies. A general introduction to antibodies, their
structure and applications is provided. The remainder of Chapter 2 focuses on the
results of the investigation of the manufacturing processes of marketed antibodies for
therapeutic and diagnostic uses. The analysis given highlights the main differences
and similarities found in industrial production and enables generic processes to be
defined that are subsequently used as a basis for the unit operations within the
biopharmaceutical facility.

In Chapter 3, a conceptual framework is presented to facilitate the evaluation of
manufacturing alternatives. The main characteristics of the manufacturing problem
domain are identified early in the chapter, as well as the scope of the modelling
effort. A hierarchical approach to represent the key activities in a manufacturing
process through a series of levels is introduced. Its key features and parameters that
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satisfy both process and business applications are discussed and the design equations
used to determine the product mass and costs are described.

The implementation of the conceptual framework into a simulation-based décisionsupport tool, S im B io ph ar m a , for modelling the operation of a biopharmaceutical
manufacturing plant is then described in Chapter 4. An assessment of suitable
packages for the implementation of the logistical and process models is initially
provided. Emphasis is then placed on how a closer integration of bioprocess and
business process modelling can be achieved by capturing common information in an
object-oriented environment. The steps to use S im B io ph ar m a for addressing the
impact of manufacturing options on strategic operational and financial indicators is
then identified.

Chapter 5 presents an application of S im B iopharm a to estimate the cost, throughput
and riskiness of different manufacturing strategies for the production of
biopharmaceutical drug candidates for clinical trials. A hypothetical case is set up to
assess the process economics of a pilot plant based on disposable components as
opposed to stainless steel for clinical trial material preparation. The Monte Carlo
simulation technique is used to highlight the benefits of incorporating technical and
market-related uncertainties

when

evaluating manufacturing

strategies.

The

information generated by the simulation studies is then used to determine the ranking
of alternatives under different scenarios.

The analysis is taken a step further in Chapter 6 to account for both quantitative and
non-quantitative parameters that ultimately need to be considered. This is achieved
using a multi-attribute decision-making technique. The classical additive weighting
technique is extended to allow for uncertainty in parameters. This chapter provides
an example of how the simulation results from S im B io ph ar m a can be combined
with other criteria pertinent to the decision, to provide a more holistic approach to
the evaluation of manufacturing alternatives.

Chapter 7 provides a summary of the main contribution of this work and presents
suggestions for future work. Finally, papers by the author, published through the
course of this work, are attached in Appendix A.
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I n d u s t r ia l A n t ib o d y P r o d u c t io n P r o c e s s e s

2.1

I n t r o d u c t io n

The unrivalled specificity of monoclonal antibodies, combined with considerable
genetic engineering efforts to make them less immunogenic, has renewed confidence
in antibodies as a promising class of therapeutics. The manufacture of monoclonal
antibodies was used as the basis for the process models to be included in the
décision-support tool (Chapter 3) and also for the case studies that demonstrated the
functionality of the tool (Chapter 5). Thus an early objective in this research was to
establish a generic process for the production of monoclonal antibodies. This was
achieved by investigating the manufacturing processes of marketed antibodies for
therapeutic and diagnostic uses.

This chapter initially provides a general introduction to antibodies, their structure
and applications in Section 2.2. In Section 2.3 the investigation of commercial
production methods for monoclonal antibodies is presented and generic processes
are derived in Section 2.4. Future processing routes that may be used commercially
are highlighted in Section 2.5 based on antibodies in development. Finally a
summary of the findings is provided.

2.2

General

in t r o d u c t io n t o a n t ib o d ie s

Antibodies are populations of protein molecules, known as immunoglobulins,
synthesised by an animal in response to a foreign macromolecule, an antigen. The
immune response in an animal is polyclonal in nature as a heterogeneous mixture of
antibodies, with different specificities and affinities for the antigen, is made. This
polyclonal response to the antigen is a result of the activation of a large number of
different clones of B lymphocyte cells.
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In 1975, Kohler and Milstein (1975) described a technique for the specific
immortalisation of the individual antibody-producing cells by fusion of an immortal
myeloma tumour cell with an antibody-producing cell taken from a rodent’s spleen
to form hybridoma cells. During culture, these hybridoma cells produce monoclonal
antibodies with a desired specificity since they are derived from a single clone of B
lymphocyte cells. This allowed for the first time the production of monoclonal
antibodies recognising specific antigens of choice and led to their widespread
application in research and development (Hill, 1990). However, the use of such
murine antibodies as human therapeutics has been limited by their immunogenicity
in humans (eg. Birch, 1999a). This section highlights the general antibody structure
and describes the efforts to genetically engineer monoclonal antibodies.

2.2.1

Antibody structure

The structure of an antibody is well adapted to its function as an antigen-specific
immunoglobulin. Antibody molecules are built up from discrete units of genes
encoding for variable segments, which determine the antibody specificity, and
constant segments, which determine the basic antibody structure and its interaction
with effector mechanisms. The basic structure of an antibody molecule, especially of
the IgG class, is schematically represented in Figure 2.1.

Figure 2.1 illustrates that the antibody is a Y-shaped tetramer of polypeptides
composed of two immunoglobulin heavy chains (H) and two immunoglobulin light
chains (L) covalently associated by disulphide bonds. The chains are folded into
compact domains that have homologous sequences. The light chains have two such
domains: a variable region domain

( V l)

heavy chain there is a variable domain
(C h I , C h 2 , C h3 ).

and a constant region domain
( V h)

(C l).

In each

followed by three constant domains

Between the first two constant domains lies a less homologous

region called the hinge. The disulphide bridges (Di-S) between the two heavy chains
and the heavy and light chains are usually found within the hinge region.
Glycosylation usually occurs in the constant domains of the heavy chains.

Variability in both heavy and light chains is thus found at the ends of the arms of the
Y-shaped antibody (the amino terminal end). These variable region domains each
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contain

three

areas

of hypervariable

sequence

known

as

complementarity

determining regions (CDRs) which principally form the antigen-binding site.

L

CDR
Hinge
D i- S

Figure 2.1 Schematic representation of an antibody molecule. It consists of two
identical heavy (H) chains and two identical light (L) chains, covalently bonded by
disulphide bonds (Di-S). Each chain has a variable (V) domain and one or more
constant (C) domains. The complementarity-determining regions (CDR) are shown
in grey.

2.2.2

Antibody fragments

Various antibody fragments can be derived that are proving to be of practical use in
therapy and diagnosis. These are shown in Figure 2.2. Some of these antibody
fragments were originally derived from whole antibodies by enzyme proteolysis.
However, recent developments in recombinant DNA technology mean that these
fragments can also now be produced using expression hosts such as E.coli (Harrison
& Keshavarz-Moore, 1996).
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All of these small fragments are useful because they are still capable of binding to
antigen. Their smaller size can, in certain situations, improve their diffusion or
penetration properties (Harrison & Keshavarz-Moore, 1996; Clark, 1995).

Fab fragment

Figure 2.2 Schematic representation of the antibody fragments derived from the
basic antibody molecule.

2.2.3

Chimeric and humanised monoclonal antibodies

As mentioned earlier, one of the problems associated with the use of murine
monoclonal antibodies in human therapy is their immunogenicity or ‘foreignness’
that results in the human anti-mouse antibody (HAMA) response. Through the use of
recombinant DNA techniques, genetic manipulation of rodent monoclonal antibodies
began in the 1980s to reduce their immunogenicity. These techniques were used to
generate chimeric and humanised antibodies as illustrated in Figure 2.3.

COMPARING INDUSTRIAL ANTIBODY PRODUCTION PROCESSES

Murine

Chimeric

Humanised

Figure 2.3 Comparison of sequence content of a murine monoclonal antibody, a
human-murine chimeric antibody and a humanised antibody. White and grey
represent the parts of the structure derived from the murine sequence and black
represents the human content. (Adapted from Clark, 1995.)

Chimeric antibodies are formed by partially humanising murine monoclonal
antibodies by the replacement of murine constant domains with human constant
domains. A refinement of the production of chimeric antibodies is the generation of
humanised, or CDR-grafted, antibodies. These antibodies only contain the CDR
loops from the murine variable regions responsible for the antigen binding.

Such

antibodies have been shown to be significantly less immunogenic than murine
antibodies, and with a longer half-life. More recently, transgenic mice have been
genetically engineered to generate fully human antibodies (Birch, 1999a; Chadd &
Chamow, 2001).

2.2.4

Application of monoclonal antibodies

Monoclonal

antibodies hold a firm place in biomedical science and their

applications, either in the form of whole, intact antibodies or fragments, can be
classified into the four main areas indicated below.
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1.

Therapeutic:

There have been attempts to use antibodies as therapy for diverse human diseases,
including coronary artery disease and infarctions, organ transplant failure,
autoimmune diseases and cancer.

Different mechanisms are employed to induce a therapeutic effect using monoclonal
antibodies. The monoclonal antibody can be used to induce a localised inflammatory
response against a target cell or to act as a carrier to deliver another small molecule
to a specific site. Alternatively, it can be used to interfere with growth or regulation
by binding to critical hormones, growth factors or other regulatory molecules, or to
act as vaccines by using anti-idiotypic antibodies which generate an active immune
response (Scheinberg & Chapman, 1995).

2.

Diagnostic:

Monoclonal antibodies are used as imaging agents for radioimmunodiagnosis of
solid tumours in cancer, of infectious and inflammatory sites and of cardiovascular
diseases. The monoclonal antibodies are conjugated to a radioactive isotope and
serve as carriers to deliver the radionuclide to a specific site in vivo.

3. Assays:
Monoclonal antibodies have been used to develop a new generation of rapid and
highly sensitive radioimmunoassays (Perry, 1995).

4. Purification:
Immunoaffinity purification with monoclonal antibodies is used widely in research
laboratories for rapid extraction and purification of antigens. Immunoaffinity
chromatography also has wider applications as a manufacturing unit operation since
extremely high purities can be achieved in a single step.

2.3

I n v e s t ig a t in g

m a r k e t e d m o n o c l o n a l a n t ib o d ie s

Following the important development of hybridoma technology for producing
monoclonal antibodies by Kohler and Milstein in 1975, immediate breakthroughs in
the treatment of human diseases were expected. The early monoclonal antibodies,
originally labelled as ‘magic bullets’, faced clinical disappointments owing to their
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murine origin which induced the human anti-mouse antibody (HAMA) response.
However, monoclonal antibodies currently represent the second largest single
category of biopharmaceutical substances under investigation as therapeutic drugs
(Holmer, 2000). This can be attributed to the recent genetic engineering methods for
constructing chimeric and humanised monoclonal antibodies that circumvent the
HAMA response. Consequently, the full potential of monoclonal antibodies, with
their unique binding specificity and potential to be produced in unlimited quantities,
is rapidly becoming recognised in biomedical research, diagnosis and therapy.

2.3.1

Method of investigation

This investigation focused on reviewing products approved between 1980 and 1998.
By 1998, the FDA or the European Commission (on the advice of the European
Medicines Evaluation Agency, EMEA) had together approved eight therapeutic and
ten diagnostic monoclonal antibodies. Attempts were made to elucidate the
manufacturing processes for these marketed monoclonal antibodies and, wherever
possible, to follow the changes made to the process during the manufacture for the
clinical trial phases. Manufacturing details were found for all eight of the approved
therapeutic monoclonal antibodies (OKT3™, ReoPro™, Rituxan™/ MabThera™,
Zenapax™, Simulect™, Synagis™, Remicade™, Herceptin™) and six of the diagnostic
ones

(CEA-Scan™, Tecnemab-K-1™,

Myoscint™, ProstaScint™,

LeukoScan™,

Humaspect™).

The remainder of this chapter focuses on the manufacturing processes employed by
commercial manufacturers of monoclonal antibodies and highlights the main
differences discovered. The data was mainly derived by reviewing product approval
information by the FDA and EMEA unless otherwise indicated. The key reports used
were FDA “Summary Basis for Approval” (SBA) reports, FDA “Product” reviews,
FDA “Chemistry, Manufacturing and Controls” reviews or EMEA “European Public
Assessment Reports” (EPAR) for each product. Most of these sources were found on
the

FDA

and

EMEA

websites

(www.fda.gov/cber/products.htm,

www.emea.eu.int/htms/human/epar/epar.htm (formerly www.eudra.org)).
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2.3.2

Results of investigation

This section provides a summary of the use, nature and manufacture of the approved
antibodies investigated. The companies, indications and approval dates associated
with the antibodies investigated are listed in Tables 2.1 and 2.2. This highlighted that
antibodies have been approved for the following therapeutic indications: transplant
rejection (3); cancer (2); cardiovascular disease (1); respiratory disease (1), and
autoimmune disease (1). This reflects that antibodies have become successful in
clinical trials for a range of indications. Most of the diagnostic antibodies approved
were found to be for imaging of cancerous tumours (4); additional uses included
imaging of cardiovascular disease (1) and infections (1).

2.3.2.1 Dose and market potential of therapeutic antibodies
For the therapeutic antibodies, the cumulative dose per patient was derived from
clinical studies and product labels. The cumulative price per patient per course of
treatment was also found and these are summarised in Table 2.3. This indicated that
antibody doses are increasing to gram quantities rather than milligrams, with a
concomitant increase in the price of the treatment. All but one of the antibodies were
inactive in a single dose, which is a reflection of most drugs that require repeated
dosing. This is also a reflection of the indications that antibodies are capable of
treating; these now include chronic conditions (eg. Herceptin for breast cancer) as
well as indications which potentially affect tens to hundreds of thousands of patients
(eg. Remicade for rheumatoid arthritis). Table 2.3 also contains estimated demands
of each drug based on the number of patients to be treated. Attempts were made to
derive figures that reflected the potential market share captured by each drug. This
was achieved by determining the number of patients based on sales reported for each
drug. The average annual demand for marketed antibodies was estimated to be 46 kg
and is expected to increase as each drug manages to penetrate its market further. As
alluded to in Chapter 1, the demand for increasingly large quantities of antibodies is
beginning to outstrip supply for cGMP production capacity, which may result in
antibodies in the development pipeline not reaching the market.
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Table 2.1 Therapeutic monoclonal antibodies approved by 1998 and investigated in
this study^
Product name

Manufacturer

Marketer

Indication and approval date

O rthoclone OKT3

Ortho Biotech

Ortho Biotech

Transplant rejection:

M urom onab-CD 3

ReoPro

Centocor

Eli Lilly

A bcixim ab

Rituxan or M abThera
Rituxim ab recom binant

IDEC Pharmaceuticals
(formulated bulk
product);
Genentech (aseptic
filling)

Zenapax

Hoffmann-La Roche

Basilixim ab

Synagis

Cardiovascular disease:
1.

Prevention o f blood clots
during/following high risk
percutaneous transluminal
coronary angioplasty (December
1994)

2.

Prevention o f blood clots in
refractory unstable angina when
percutaneous coronary
intervention is planned
(November 1997)

Cancer:

Zenyaku Kogyo Co
(Japan);

Treatment o f relapsed or refractory low
grade or follicular non-Hodgkin’s
lymphoma (November 1997, US; June
1998, EU)

Hoffmann-La Roche
(rest of world)
Hoffmann-La Roche

Transplant rejection:

Novartis
Phamiaceuticals Corp.

Transplant rejection:

Med Immune, Inc.
(US);

Med Immune, Inc. &
Abbott Laboratories
(US);

Respiratory disease:

Centocor

Genentech

Prevention o f acute kidney transplant
rejection (May 1998, US; October
1998, EU)

Abbott Laboratories
Ltd. (outside US)

Prevention o f serious lower respiratory
tract disease, caused by respiratory
syncytial virus (RSV), in paediatrics
(June 1998, US; August 1999, EU)

Centocor

Autoimmune diseases:

Inflixim ab

T rastuzumab

Treatment o f steroid resistant
acute heart and liver transplant
rejection (June 1993)

Novartis
Pharmaceuticals AG

Boehringer Ingelheim
Pharma KG (EU)

H erceptin

2.

Prevention o f acute kidney transplant
rejection (December 1997)

Palivizum ab

R em icade

Treatment of acute kidney
transplant rejection (June 1986)

Genentech (US);

D aclizum ab

Sim ulect

1.

1.

Treatment o f Crohn ’s disease
(August 1998, US; August 1999,
EU)

2.

Treatment o f rheumatoid arthritis
(November 1999, US; June 2000,
EU)

Genentech (US);

Cancer:

Roche (outside US)

Treatment o f metastatic breast cancer
(September 1998, US; August 2000,
EU)

" Sources: FDA approval information on http://www.fda.gov/cber/products.htm,
EMEA reports (EPAR) on http://www.emea.eu.int/htms/human/epar/epar.htm.
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Table 2.2 Diagnostic monoclonal antibodies approved by 1998 and investigated in
this study“
Product name
C EA -Scan

Manufacturer
Immunomedics (bulk
active substance);

Marketer

Indication & approval date

Immunomedics

Imaging o f tumours:
Detection o f recurrent and metastatic
colorectal cancer (June 1996)

Arcitum om ab
Pharmacia
Inc.(fcrmulation, fill,
lyophilisation)

Tecnem ab-K -1

Sorin Biomedica
Diagnostics SpA

Sorin Biomedica
Diagnostics SpA

Imaging o f tumours:

Centocor

Centocor

Imaging o f cardiovacular diseases:

A nti-m elanom a M Ab
fra g m en ts

M yoscint

Detection o f myocardial infarction
(July 1996)

Im cirom ab pen tetate

P rostaScint

Cytogen

Cytogen

Sulesom ab

Imaging o f tumours:
Detection, staging and follow-up o f
prostate cancer ( October 1996)

Caprom ab p en tetate

L eukoScan

Staging and follow-up of métastasés
from confirmed cases o f melanoma
(September 1996)

Charles River
Laboratories (ascites
fluid);

Immunomedics

Imaging o f infectious o r inflamed sites:
Detection o f bone infections
(osteomyelitis) (February 1997)

Immunomedics Inc.
(bulk active substance);
Pharmacia
Inc.(formulation, fill,
lyophilisation)

H um aspect
Votum um ab

Intracel Corp.

Organon Teknika

Imaging o f tumours:
Detection o f recurrent and/or metastatic
carcinoma o f the colon or rectum
(September 1998)

" Sources: FDA approval information on http://www.fda.gov/cber/products.htm,
EMEA reports (EPAR) on http://www.emea.eu.int/htms/human/epar/epar.htm.
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Table 2.3

Typical cumulative dose, price and market potential of therapeutic

antibodies investigated in this study
Typical

Typical price/

Typical

Potential

Potential

cumulative

patient/

unit selling

annual US

annual US

dose/ patient

treatment

price

market

demand

(mg)'

($)”

($/g)

(# patients)**

(kg)

50-70

3,000 - 4,200"

60,000

7,300"

0.3 - 0.5

30

1,690

56,300

309,600^

9

2800 - 3000

14,000-15,000

5,200

68,600®

192-205

Zenapax

350

6,120

17,500

11,800'’

4

Simulect

40

3,160

79,000

15,400"

1

Synagis

600-900

7,150- 8,580

10,500

53,300'

32-48

Remicade

350-1050

2,530 - 7,590

7,200

54,000’

20-57

Herceptin

5740

33,350

5,800

12,800®

73

Product name

Orthoclone OKT3
ReoPro
Rituxan / MabThera

Sources:
"Doses from product labels available on www.fda.gov and www.emea.eu.int
Prices for the drugs (except Orthoclone) were obtained from International Pharmaceutical Services
website (www.internationalpharmacy.com)
BBI Newsletter (1991)
^ Market size derived from annual/quarterly sales reported by the marketing company, where
available, or other sources in 2000/2001 (except Zenapax - 1998)
®Organ Transplant Association website (http://organtx.org/imm/sim.htm)
^Eli Lilly 2000 Annual Report (www.lilly.com/about/investor/OOreport/english/letter.html)
®Genentech 2001 2"*^ Quarter Report
(http://www.gene.eom/gene/investor_relations/fmancial_info/sec_forms/10q200106.pdf)
’’ Rader (1998)
' McCoy (2000)
' Johnson & Johnson quarterly sales reported in 2001
(http://media.corporate-ir.net/media_files/nys/jnj/reports/websales.pdf)

2.3.2.2 Product nature and cell types
A summary of the nature of the marketed monoclonal antibodies investigated, as
well as characteristics of the culture systems employed is given in Tables 2.4 and
2.5. These are discussed further below. Examination of these tables indicates to date
most therapeutic monoclonal antibodies have been whole and intact (seven out of
eight). However, for diagnostic applications the use of antibody fragments
conjugated to radioisotopes tend to be more common than the use of whole
antibodies (four out of six).
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Table 2.4

Antibody nature, cell type and culture system of the therapeutic

antibodies investigated in this study“
Product nature
W hole
O rthoclone OKT3

Culture system
C ell type

P roduct name
V.

Fragm ent

M urine v. H um an

In vivo

In vitro

Whole monoclonal
antibody

Murine

Hybridoma

Yes

Fab fragment

Chimeric

Mouse myeloma

Yes

Whole monoclonal
antibody

Chimeric

Chinese Hamster
Ovary

Yes

M urom onab-C D 3

R eoP ro
A bcixim ab

R ituxan or M abThera
R ituxim ab recom binant

(CHO)
Zenapax
D aclizum ab

Sim ulect
B asilixim ab

Synagis
Palivizum ab

R em icade
Inflixim ab

H erceptin
Trastuzum ab

Whole monoclonal
antibody

Humanised

M ouse myeloma

Yes

Whole monoclonal
antibody

Chimeric

Mouse myeloma

Yes

Whole monoclonal
antibody

Humanised

Mouse myeloma

Yes

Whole monoclonal
antibody

Chimeric

Whole monoclonal
antibody

Humanised

(OS NSO)

(NSO)

Mouse myeloma

Yes

(SP2/0)

Chinese Hamster
Ovary

Yes

(CHO)

Sources: FDA approval information on http://www.fda.gov/cber/products.htm,
EMEA reports (EPAR) on http://www.emea.eu.int/htms/human/epar/epar.htm.

At present all marketed monoclonal antibodies are expressed in mammalian cells.
This can be attributed to the fact that other cells, such as E.coli, lack the cellular
machinery required to secrete antibodies and accomplish necessary post-translational
modifications, such as glycosylation. These modifications are believed to be
necessary for the biological function of the protein and, therefore, the regulatory
agencies are concerned about a reproducible glycosylation pattern (eg. King, 1998).
Analysis of the marketed antibodies revealed that three cell types have been adopted
(Tables 2.4 and 2.5). Murine monoclonal antibodies were produced in hybridoma
cells (derived from mouse myeloma cells), whereas genetically engineered
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antibodies (chimeric or humanised) were produced in either Chinese hamster ovary
(CHO) cells or mouse myeloma cells (NSO or SP2/0 myeloma cell line).

Orthoclone OKT3 (Ortho Biotech, 1986) was the first monoclonal antibody
approved as a biopharmaceutical (for treatment of organ transplant rejection). It was
found to be the only therapeutic antibody produced in hybridoma cells (Table 2.4).
In contrast most of the diagnostic antibodies were found to be produced in
hybridoma cells (five out of six) and are hence murine in nature (Table 2.5). This
suggests perhaps that the HAMA response from the use of murine antibodies has
been more critical in therapeutic antibodies with repeated dosing than diagnostic
ones. However, Scheinberg & Chapman (1995) pointed out that immunogenicity of
murine antibodies could be a significant problem if recurrent diagnostic tests were
used.

Table 2.5 Antibody nature, cell type and culture system of the diagnostic antibodies
investigated in this study^
P roduct nature

Culture system

P roduct nam e
W hole
CEA -Scan
Arcitum om ab

Tecnem ab-K -1
A nti-m elanom a M Ab
fragm en ts

M yoscint
Im cirom ab pen tetate

ProstaScint
Caprom ab pen tetate

LeukoScan
Sulesom ab

H um aspect
Votum um ab

V.

Fragm ent

M urine v. Hum an

In vivo

In vitro

Fab fragment
conjugated to
'^"'technetium

Murine

Hybridoma

Yes

Fab and F(ab )2
fragments
conjugated to
'’’■"technetium

Murine

Hybridoma

Yes

-

Fab fragment
conjugated to
"'indium

Murine

Hybridoma

-

Yes

W hole monoclonal
antibody conjugated
to ‘"indium

Murine

Hybridoma

-

Yes

Fab fragment
conjugated to
’’'’‘"technetium

Murine

Hybridoma

Yes

-

Whole monoclonal
antibody conjugated
to ’’"’■"technetium

Human

Human cell line
immortalised by
Epstein-Barr virus

-

Yes

Sources: FDA approval information on http://www.fda.gov/cber/products.htm,
EMEA reports (EPAR) on http://www.emea.eu.int/htms/human/epar/epar.htm.
Source: Rader (1998)
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Following OKT3, subsequent therapeutic antibodies were all genetically engineered
and cultured mostly in murine myeloma cells. ReoPro (Centocor, 1994) was the first
chimeric therapeutic antibody and half of the therapeutic antibodies approved by
1998 were chimeric, produced primarily in mouse myeloma cells rather than CHO
cells (three out of four). Rituxan/ MabThera (IDEC/Genentech, 1997) was the only
chimeric antibody expressed in CHO cells. However, Birch et al. (1995) indicated
that both cell types have been widely studied in industry and lend themselves to
large-scale processes since they grow in suspension culture. There is extensive
experience in the use of CHO cells for the production of other recombinant proteins
for therapeutic use (Ward & Bebbington, 1995). Although specific titres attained for
each of the approved products were not disclosed, reports of investigations in
industry (Lonza Biologies, formerly Celltech, and Merck) provide an indication of
titres achieved commercially (Brown et al., 1992; Bibila & Robinson, 1995; Birch &
Boraston, 1987). These are summarised in Table 2.6. This indicates that higher titres
have been achieved in myeloma cells than CHO cells. However, commercial
production of recombinant antibodies from CHO cells may suggest that it is now
possible to attain higher biomass levels in fermentations, comparable to those
obtained with myelomas.

Table 2.6 Typical antibody titres for each cell type
Cell type

Titre

Hybridoma

150 -500 mg/L^

Myeloma

500 mg/L, 1-2 g/L^'^

CHO

90-550 mg/L"

EBV-transformed human

90 mgflS

Sources:
" Brown et al. (1992)
*’ Bibila & Robinson (1995)
^ Birch & Boraston (1987)

Three of the eight therapeutic antibodies were humanised, two of which were
expressed in NSO myeloma cell lines and one in CHO cells. Zenapax (Hoffmann-La
Roche, 1997) was the first humanised antibody approved for therapeutic use. It is a
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second-generation molecule for a similar indication to OKT3, but it offers the
advantage of repeated dosing with less immunogenicity. The EMEA report for
Zenapax indicated that early clinical trial material was prepared from the cell line
SP2/0. Due to limited production yields, the antibody was re-expressed in the murine
GS-NSO myeloma cell line and bioequivalence was established. Herceptin
(Genentech, 1998) was the latest humanised antibody approved (for breast cancer).
In addition to differences in titre, the choice of cell line is also probably influenced
by the experience of the staff within a company. For example, an examination of all
the Biologic License Applications (BLAs) based on mammalian cell culture
submitted by Genentech revealed that they all used CHO cells.
Examining the diagnostic antibodies in Table 2.5 revealed that all but one of the six
investigated were murine; Humaspect (Intracel Corp/ Organon Teknika, 1998) was
the only human antibody approved for use by 1998. None of the diagnostic
antibodies were humanised.

2 3.2.3 In vivo versus in vitro techniques
Early monoclonal antibodies were produced by the classical method in vivo where
mammalian cells (hybridomas) were injected into mice or rats and the ascites,
containing the secreted monoclonal antibodies, collected. The first approved
therapeutic monoclonal antibody (OKT3, 1986) and three of the approved diagnostic
monoclonal antibodies (CEA-Scan, 1996; Tecnemab-K-1, 1996; Leukoscan, 1997)
were produced in mouse ascites fluid.

The ascites technique is adequate for small quantities of antibodies but becomes less
appropriate with an increase in scale. In contrast to the high concentration of
monoclonal antibodies in ascites fluid at 10-15 g/L (Birch etal., 1995; Walsh, 1998),
the actual yield from a mouse is small (50-75 mg). Hence, scale-up requires
enormous numbers of animals and is costly. A further drawback is that the product is
contaminated with significant levels of various mouse proteins, thus complicating
the downstream processing (Walsh, 1998).

The alternative to ascites is cell culture in vitro. In vitro cell culture reduces the
chance of introducing adventitious agents and irrelevant antibodies from the animal
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host. For therapeutic antibodies, in particular, most manufacturers have now adopted
this technique (Table 2.4), It is also worth mentioning that earlier prototypes of
ReoPro evaluated in animal models were made using ascites rather than the cell
culture system currently in operation. In addition the EMEA report (EPAR) for
CEA-Scan (Immunomedics, 1996), indicated that the manufacturers were planning a
new facility which would have a capacity for producing monoclonal antibodies by
cell culture rather than the ascites in vivo technique currently in use.

2.3.2.4 Comparison of commercial antibody production from ascites
A comparison of the manufacturing processes adopted to recover and purify the
antibody from the ascites is illustrated in Table 2.7. Examination of these processes
revealed that the main differences lie in the purification methods employed. OKT3
was approved 10 years before the other three diagnostic antibodies and is
manufactured using the traditional method of antibody purification where
chromatography was typically combined with an initial ammonium-sulphate
fractionation step. However, performing fractionation on a large scale in a contained
and sanitary manner is difficult (Birch et al., 1995). The diagnostic antibodies
derived from ascites relied solely on chromatography for purification, suggesting
that the fractionation step is no longer considered necessary as an intermediate
purification step and can be eliminated. The EPAR reports (EMEA 1996, 1997)
indicate that a combination of two ion-exchange steps and one affinity
chromatography step is used. Although not stated explicitly, it is assumed that both
cation and anion-exchange chromatography are undertaken sequentially with affinity
chromatography used before or after this. At a first glance the manufacturing process
for the diagnostic drugs also appears to have more manufacturing stages. However,
this is only due to the additional requirement to digest the antibodies to form the
desired fragments.

Although drugs such as 0KT3 have been on the market for over 10 years and despite
the regulatory agencies preferences for in vitro culture, these marketed antibodies
continue to be manufactured using ascites technology. Castillo (1999) commented on
this apparent conservatism in the biopharmaceutical industry against introducing
process changes so as to save time and avoid the need for extensive and costly re
testing in toxicology and efficacy.
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Table 2.7 Comparison of commercial production of monoclonal antibodies from
ascites^
OKT3 (1986)

CEA-Scan (1996), LeukoScan (1997),
Tecnemab-K-1 (1996)

Ortho Biotech

Immunomedics
& Sorin Biomedica SpA

(THERAPEUTIC)

(DIAGNOSTIC)

Hybridoma Seed Stock Generation

Hybridoma Seed Stock Generation

Ascites Production In Mice

Ascites Production In Mice

Harvesting Ascitic Fluid

Harvesting Ascitic Fluid

Centrifugation

Centrifugation

Stored Frozen

Stored Frozen

NH 4 SO4 Fractionation

Ion Exchange Chromatography

Anion Exchange Chromatography

Ion Exchange Chromatography

Affinity Chromatography
(order not disclosed)

Pepsin Digestion

2 Chromatography Steps

Reduction of F(ab)2

Formulation

Formulation

Sterile Filtration(0.2|im)

Sterile Filtration(0.2|i,m)

Sources: FDA approval information on http://www.fda.gov/cber/products.htm,
EMEA reports (EPAR) on http://www.emea.eu.int/htms/human/epar/epar.htm.
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In the next two sections, details of the in vitro production processes for the
therapeutic and diagnostic antibodies are presented and discussed.

2.3.2.S Comparison of in vitro cell culture methods
Regarding the marketed antibodies produced by in vitro methods, the analysis
illustrated that different companies have opted for various suspension culture
systems. These are summarised in Table 2.8. Suspension culture can refer to either
batch/fed-batch processes or continuous perfusion systems (Birch,

1999b).

Examining all the antibodies in Table 2.8 revealed that both systems appear to be
adopted equally. Concentrating on the therapeutic antibodies revealed a similar
pattern; however, manufacturers of diagnostic antibodies appear to prefer perfusion
systems.

Traditionally perfusion systems, such as hollow-fibre culture, have been used for
small-scale applications and batch/fed-batch culture for larger scale applications
(Birch et a l, 1995); this suggests that in some cases the choice of methods has
depended on the scale required. Diagnostics have tended to be required in smaller
quantities

thus

supporting

this.

However,

the

therapeutic

drugs,

ReoPro

(cardiovascular disease) and Remicade (autoimmune diseases), must be produced in
tens to potentially hundreds of kilograms a year (Table 2.3); they are produced using
continuous perfusion. Given this, it appears that certain perfusion systems can be
considered as a viable option for large-scale applications. These include the 500L
spin-filter culture utilised by Centocor for its marketed antibody products; the design
and operation of a 500L spin-filter reactor is described by Deo et al. (1996). Biblia
& Robinson (1995) indicated that fed-batch cultures were often simpler to operate
and offered higher titres. On the other hand perfusion systems have higher
productivities and continually expose the cells to fresh nutrients while removing
growth-inhibitory byproducts. However, they suffer from higher contamination risks
due to the longer cycle times. The choice between batch and continuous methods
may also be dictated by the ability of the cell line to grow under either of these
cultures, as well as the product quality achieved.
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Table 2.8 Comparison of in v itro suspension culture systems^
Product

Suspension culture system

Bioreactor train scale**

Continuous perfusion spin-filter*’

lOL - 500L*’

Batch/fed-batch

Not disclosed

Batch/fed-batch stirred tank

30L, 80L, 400L, 2000L

Continuous perfusion membrane

Not disclosed

Fed-batch stirred tank

400L - 10,000L

Continuous perfusion spin-filter

10L-500L*’

Batch/fed-batch stirred tank

80L - 12,000L

Continuous perfusion
(assumed)^ spin-filter

lOL - 500L*’

Continuous perfusion hollow-fibre

AcuSyst-XC ell,
6 hollow-fibre cartridges

Continuous perfusion hollow-fibre

Not disclosed

THERAPEUTIC
ReoPro

Abciximab
Rituxan or MabThera

Rituximab recombinant
Zenapax

Daclizumab

Sim ulect

Basiliximab
Synagis

Palivizumab

Remicade

Infliximab
Herceptin

Trastuzumab

DIAGNOSTIC
M yoscint

Imciromab pentetate
ProstaScint

Capromab pentetate
Hum aspect

Votumumab

' Sources: FDA approval information on http://www.fda.gov/cber/products.htm
EMEA reports (EPAR) on http://www.emea.eu.int/htms/human/epar/epar.htm
Source: Deo etal. (1996)
^Assumption: Centocor uses same cell culture technology for all its antibodies
^ It is possible that multiple fermenters at the given scale may be employed during manufacturing.

Further comparisons of cell culture modes revealed that different reactors were used
for the commercial production of monoclonal antibodies. For the batch/fed-batch
culture systems, stirred tank reactors were the most common. However, examining
the history of certain drugs revealed that certain antibodies were cultured in different
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reactors during clinical trials as to launch. For example, during drug development,
Rituxan/MabThera was produced at different facilities with slight modifications of
the manufacturing process. According to the EPAR report for MabThera (EMEA,
1998) Rituxan/ MabThera is commercially produced by “suspension culture” but
clinical trials assessed “suspension culture produced antibody, hollow fibre produced
antibody and stirred tank produced antibody”. Since suspension culture can refer to
either batch or continuous culture in any reactor, it is not clear which type of
bioreactor system is referred to as suspension culture in this case. Amongst the four
drugs produced using batch/fed-batch culture, only one stated explicitly that fedbatch fermentations were employed. Fed-batch mode is typically used so as to attain
higher cell densities. For example, Bibila & Robinson (1995) reported on feeding
strategies that achieved up to a 12-fold increase in titre over a batch process with a
titre of 1.8 g/L.

The bioreactor sizes are also indicated in Table 2.8. This reveals that production
scales of 400L up to 12,000L are being employed. This reinforces the fact that some
antibodies are now required in larger quantities that also became evident when
examining cumulative doses per patient and the potential number of patients to be
treated (shown in Table 2.3). Schenerman et al. (1999) provided an indication of the
scale-up and facility changes possible during drug development. During the course
of clinical manufacture of Synagis, data from lots produced in 20L, 45L, lOOL, 200L
and 500L bioreactors were used for product registration; Synagis was then
commercially manufactured at a second facility using 400, 2000 and 10,000L
bioreactors.

Concerning the perfusion systems used for commercial production of monoclonal
antibodies, the drugs that utilised hollow-fibre perfusion systems (ProstaScint,
Cytogen; Humaspect, Intracel Corp.) were both diagnostics. Cytogen utilised the
AcuSyst-XCell hollow fibre perfusion cell culturing systems (Rader, 1998). The
bioreactor was filled with six hollow fibre cartridges. However, this mode of cell
culture was not employed in earlier clinical trials since the SBA report (FDA, 1996)
indicated that Cytogen had three processes during drug development. Although
details of the first two processes were not disclosed, differences in the production
medium and bioreactor technology were indicated and equivalence tests performed.
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The remaining drugs produced by perfusion include Centocor’s three drugs (ReoPro,
Remicade, MyoScint) and Simulect (Novartis). For two of the Centocor’s drugs
(ReoPro, Remicade) continuous perfusion was specified; however, for MyoScint the
mode of cell culture was not indicated. It was therefore assumed that the
manufacturers used the same technology for MyoScint. Erdmann (1998) reported
that Centocor had developed a generic process for the manufacture of its antibodies
using a continuous perfusion system. However, it is not clear if this was for future
candidates or was established earlier. The cell culture train includes lOL and 500L
spin-filter perfusion reactors (Deo et al. 1996).

2.3.2.6

Comparison of downstream processing sequences

In contrast to the variation in bioreactor technology employed by these different
antibody manufacturers, the range of downstream process sequences was more
restricted. Details discovered on the manufacturing processes employed by
commercial producers of monoclonal antibodies are shown in Tables 2.9, 2.10, 2.12
and 2.13.

a) Downstream processing of therapeutic whole antibodies
Tables 2.9 and 2.10 show the information collated for the bulk manufacture of
therapeutic whole antibodies using batch/fed-batch culture (four) and perfusion
culture (two). The initial inoculum grow-up typically occurred in spinner flasks
before passing onto a train of seed and production fermenters. Roller bottles were
also mentioned once.

The culture broth is first subjected to primary recovery operations. These serve to
remove particulate matter, such as cells, that would otherwise clog the subsequent
purification stages that rely on column chromatography and to remove water so as to
allow sensible volumes to be handled by chromatographic steps.

Turning to commercial methods employed to clarify batch/fed-catch cultures (Table
2.9), the FDA and EMEA reports only mentioned a filtration stage explicitly.
However, clarification is often accomplished using centrifugation and concentration
can also be achieved using techniques such as precipitation and aqueous two-phase
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Table 2.9 Comparison of in vitro commercial bulk manufacture of therapeutic whole monoclonal antibodies using batch/fed-batch culture^
PRODUCT
Rituxan/M abThera
MANUFACTURER
IDEC
INOCULUM GROW-UP SPINNER FLASKS

Zenapax

S ynagis

Herceptin

Hoffmann-La Roche

Medlmmune, Inc.; Bl

Genentech

SPINNER FLASKS

T-FLASK AND SPINNER FLASKS

CELL CULTURE"

BATCH/FED-BATCH CULTURE

BATCH/FED-BATCH STIRRED TANK CULTURE FED-BATCH STIRRED TANK CULTURE
18-22 days

BATCH/FED-BATCH STIRRED TANK CULTURE

RECOVERY

DEPTH FILTRATION

CONCENTRATION

MICROFILTRATION
Millipore plate and frame system, tangential-flow

HARVESTING
Filtration (assumed)

PURIFICATION
(ROUND 1)

AFFINITY CHROMATOGRAPHY
Protein A

ANION-EXCHANGE CHROMATOGRAPHY
Q-Sepharose
Flow-through collected

CATION-EXCHANGE CHROMATOGRAPHY
Antibody binds
Reduces volume, BSA, DNA

AFFINITY CHROMATOGRAPHY
Protein A
Removes unwanted protein, potential endotoxin

ENZYMATIC TREATMENT
Benzonase to remove DNA

VIRUS INACTIVATION
Incubation at low pH (< 3.7)

CATION-EXCHANGE CHROMATOGRAPHY
S-Sepharose

AFFINITY CHROMATOGRAPHY
Removes benzonase, cell-derived contaminants

CATION-EXCHANGE CHROMATOGRAPHY
Removes aggregates, fragments, CHO impurities

VIRUS INACTIVATION
pH 3.6-3 8, 30-35 mins

VIRUS REMOVAL FILTRATION
Nanofiltration

CONCENTRATION/DIAFILTRATION

VIRUS INACTIVATION
pH incubation

pH AND CONDUCTIVITY ADJUSTMENT

HOLD (At 2-8 °C if >24 hours)

PURIFICATION
(ROUND 2)

ANION-EXCHANGE CHROMATOGRAPHY
Removes impurities eg Protein A, host cell DNA

VIRUS REMOVAL FILTRATION
Nanofiltration, Pall DV50
PURIFICATION
(ROUND 3)

ANION-EXCHANGE CHROMATOGRAPHY
Removes host cell impurity proteins, endogenous
& putative adventitious viruses

ANION-EXCHANGE CHROMATOGRAPHY
Q-Sepharose-ll
Row-through collected

ANION-EXCHANGE CHROMATOGRAPHY
Flow-through collected
Reduces BSA, transferrin, endotoxin

VIRUS INACTIVATION
(order not disclosed)

VIRUS REMOVAL FILTRATION
Millipore Viresolve

DIAFILTRATION
Buffer exchange (order not disclosed)

VIRUS REMOVAL (order not disclosed)

ULTRAFILTRATION

ANION-EXCHANGE CHROMATOGRAPHY
Removes DNA , endotoxin and retrovirus

DILUTION & FILTRATION
PURIFICATION

GEL-FILTRATION CHROMATOGRAPHY

(ROUND 4)

S-300
ULTRAFILTRATION
concentration

s

HYDROPHOBIC INTERACTION
CHROMATOGRAPHY
Phenyl

HYDROPHOBIC INTERACTION
CHROMATOGRAPHY
Removes aggregates, fragments, CHO proteins

DIAFILTRATION /CONCENTRATION

®Sources: FDA approval information on http://www.fda.gov/cber/products.htm,
EMEA reports (EPAR) on http://www.emea.eu.int/htms/human/epar/epar.htm.
^ The type of bioreactor for 2Ienapax and Herceptin was not specified in the regulatory reviews but the use of stirred tank reactors was confirmed by industrialists.

Table 2.10 Comparison of in vitro commercial bulk manufacture of therapeutic whole monoclonal antibodies using perfusion culture^
PRODUCT
MANUFACTURER
INOCULUM GROW-UP

Simulect
Novartis
ROLLER BOTTLES

Remicade
Centocor

CELL CULTURE

CONTINUOUS MEMBRANE PERFUSION CULTURE
1^ harvest discarded

CONTINUOUS SPIN-FILTER PERFUSION CULTURE
35-60days

RECOVERY
PURIFICATION
(ROUND 1)

FILTRATION
Clarification, dead-end filtration
DILUTION

AFFINITY CHROMATOGRAPHY
Direct product capture on Protein A, bovine IgG removal

ION-EXCHANGE CHROMATOGRAPHY
Antibody binds to column

FREEZE, THAW, POOL.

VIRUS INACTIVATION
pH treatment followed by pH adjustment

VIRUS INACTIVATION
Solvent/detergent

FILTRATION
POOLING OF PURIFIED HARVEST LOTS
PURIFICATION
(ROUND 2)

PURIFICATION
(ROUND 3)

CHROMATOGRAPHY
Protein A (assumed as problem of leaching mentioned)

CATION-EXCHANGE CHROMATOGRAPHY

pH ADJUSTMENT

VIRUS REMOVAL
Millipore Viresolve system

ION EXCHANGE CHROMATOGRAPHY
Flowthrough collected, DNA removal

ANION-EXCHANGE CHROMATOGRAPHY
Flowthrough collected

DILUTION & IN-PROCESS FILTRATION & STORAGE
PURIFICATION
(ROUND 4)

ION-EXCHANGE CHROMATOGRAPHY
DNA removal, antibody binds

ANION-EXCHANGE CHROMATOGRAPHY
In-line dilution. Bovine IgG removal

CONCENTRATION & DIAFILTRATION & STORAGE

ULTRAFILTRATION
FINAL 0.2pm FILTRATION

<1

o

“ Sources: FDA approval information on http://www.fda.gov/cber/products.htm,
EMEA reports (EPAR) on http://www.emea.eu.int/htms/human/epar/epar.htm.
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partitioning (Sofer & Hagel, 1997). It is not clear whether filtration was preferred
over centrifugation for clarification for scientific reasons or whether it was based on
the fact that staff designing the processes were more familiar with filtration. There
have been safety concerns in the past with centrifugation of large volumes because
of aerosol contamination risks, although these are diminishing with new designs. In
addition, Sofer & Hagel (1997) indicated that complete cell removal is not always
achieved with centrifugation, thus requiring a subsequent filtration step prior to
chromatography to avoid clogging of columns. Regarding concentration and
precipitation, the disadvantages of this technique on a large scale have been alluded
to earlier. Microfiltration and ultrafiltration are well-proven techniques for
concentration but their performance can be limited by concentration polarisation and
fouling. In two cases the filtration systems were specified indicating that either depth
filtration or tangential flow microfiltration were suitable to achieve primary recovery
of the product from culture broths. Regarding primary recovery operations for
perfusion cultures, one (Remicade) of the two cases in Table 2.10 indicated that
dead-end filtration was used for clarification. For the other case (Simulect), it is not
clear whether the cell retention in membrane-perfusion cultures obviated the need for
a further filtration step or whether the step was just not mentioned in the FDA and
EMEA approval reviews.

The antibody in clarified fermentation broths is only a minor component of a
complex mixture of molecules that need to be removed, such as lipids, DNA,
proteases, pyrogens, viruses and modified forms of the desired antibody (Birch et al.
1995). The purification procedures for antibodies derived from batch/fed-batch or
perfusion cultures were all similar. Purification was achieved using a series of
chromatographic separations, viral inactivation and removal steps, as well as
intermediate ultrafiltration steps.

Birch et al. (1995) highlighted that purification strategies usually aim to achieve as
much purification in the first chromatography step, so that later steps can be
optimised for the removal of small quantities of a few specific impurities. For the
therapeutic whole antibodies investigated, four chromatography steps were typically
used. Half of the manufacturers of these antibodies utilised affinity chromatography
as the first chromatographic step while the other half employed ion-exchange

71

COMPARING INDUSTRIAL ANTIBODY PRODUCTION PROCESSES

chromatography. The use of affinity chromatography as a first step can be attributed
to its very high purity levels, often greater than 95% (Birch et al., 1995); however, it
suffers from expensive matrices and ligand leakage. In addition, Ultee & Rea (1999)
pointed out that another problem was that many antibodies required a fairly low pH
to elute from affinity matrices. This renders this technique unsuitable in cases where
antibodies

cannot

withstand

exposure

to

these

conditions.

Ion-exchange

chromatography was also popular as a first purification step. Possible reasons for this
are that the matrices are typically an order-of-magnitude cheaper than affinity
matrices, have a high capacity and can be selected to bind either the antibody or
impurities. However, lower purity levels may be achieved and conditioning steps
using pH adjustment/ dilution/ buffer-exchange were often required prior to ionexchange separations (Tables 2.9 and 2.10). For ion-exchange steps, success depends
on whether there is a sufficient difference in isoelectric points between the target and
the impurities (Birch et a l, 1995; Ultee & Rea, 1999).

Further examination of Tables 2.9 and 2.10 revealed that the three therapeutic
purification processes that began with affinity chromatography were followed by 2-3
ion-exchange steps. In one case two anion-exchange steps were utilised, whereas in
the other two cases cation-exchange followed by anion-exchange matrices were
employed. For the ion-exchange-based processes, one was followed by two more
ion-exchange steps and the other two were followed by an affinity step and 1-2 ionexchange steps. Indications of the matrices employed were sometimes disclosed: for
affinity separations Protein A was commonly used and for ion-exchange steps SSepharose was mentioned once as the cation-exchange matrix and Q-Sepharose as
the anion-exchange matrix. Cation-exchange steps were typically used to bind the
antibody to the column whereas anion-exchange was often used to bind impurities as
the flowthrough was collected. In some cases the functions of these steps were also
mentioned. These included the use of cation-exchange steps for removal of antibody
aggregates, fragments and host cell proteins and anion-exchange steps for removal of
DNA, endotoxin, retrovirus and leached Protein A where applicable. In addition
Centocor is reported to use one-metre-wide chromatography columns and high
capacity ion-exchange matrices that increased product loading from 20g/L to lOOg/L
(Erdmann, 1998; Amersham Pharmacia Biotech, 1999). This resulted in a significant
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increase in purification capacity to 8-16kg and enabled each perfusion culture to be
purified in one lot.

In three cases shown in Table 2.9 (Zenapax, Synagis, and Herceptin) the fourth
chromatographic step was either gel-filtration chromatography or hydrophobic
interaction chromatography. Hanna et a l (1992) and Birch et a l (1995) commented
that gel filtration chromatography (or size exclusion chromatography) was suitable
as a final step to remove antibody aggregates and act as a buffer-exchange step into
the formulation buffer. One of the EMEA reports indicated that the final
hydrophobic interaction chromatography step served to remove antibody aggregates,
fragments and host cell proteins. Ultee & Rea (1999) commented that hydrophobic
interaction chromatography could be an ideal compliment to ion-exchange
chromatography and perhaps deserved more attention in industry. The remaining
processes in Tables 2.9 and 2.10 used ion-exchange chromatography as their final
chromatographic step followed by a diafiltration/ concentration step. The lack of gel
filtration chromatography as a final step in all but one case reflects a trend in the
biopharmaceutical industry to replace the final polishing chromatography step with
an ultrafiltration step that concentrates and diafilters the batch. Centocor (Amersham
Pharmacia Biotech, 1999) are reported to have modified an existing process that
included gel filtration followed by diafiltration with a single ultrafiltration step. This
resembles the process for their product Remicade that was deduced (Table 2.10)
from the product approval information. Kurnik et a l (1995) compared the use of size
exclusion chromatography and tangential flow filtration (TEE) for buffer exchange.
They concluded that TEE offered a greater range of buffer exchange and improved
the

process

economics;

however,

they

commented

that

size

exclusion

chromatography would be favoured in situations where protein dénaturation occurs
in TEE.

Regarding steps between each chromatographic separation, some of the license
approval information

supplied by the regulatory agencies disclosed when

intermediate operations were required for pH adjustment, buffer-exchange or to
reduce the volume loaded onto a column. However, the method to achieve these
functions was not always indicated. In some cases ultrafiltration and diafiltration
were specified (eg. Zenapax, Synagis in Table 2.9; Simulect in Table 2.10). The
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process for Remicade (Table 2.10) did not require such intermediate filtration steps.
An article based on material from the manufacturers of Remicade (Centocor)
(Amersham Pharmacia Biotech,

1999) reported that they introduced new

technologies into an existing process that increased yield by 25% and decreased
process lead times by 50%. One of the actions that facilitated this was to eliminate
diafiltration steps prior to ion exchange steps and replace them with in-line dilution
using ion exchange chromatography. Ultee & Rea (1999) also indicated that it was
possible to develop conditions to allow the product stream from an ion-exchange
column to flow directly onto a hydrophobic interaction column without intermediate
handling; ion-exchange chromatography uses a low-ionic-strength load and a highionic-strength elution and hydrophobic interaction uses the reverse.

Turning to virus clearance, all the processes for the therapeutic antibodies in Tables
2.9 and 2.10 had at least one specific step dedicated to this. Half had two specific
viral clearance steps: virus inactivation and removal. Techniques used for virus
inactivation included treatment with either pH or solvent/detergent. Nanofiltration
systems were typically used for virus removal. The risk of viral contamination is a
feature common to all biotechnology products derived from cell lines. Such
contamination could have serious clinical consequences and can arise from the
contamination of the source cell lines themselves (cell substrates) or from
adventitious introduction of virus during production (ICH, 1997). The ICH
guidelines on viral safety have been adopted by regulatory agencies such as the FDA
and suggest the use of different methods of virus inactivation or removal in the same
production process in order to achieve maximum viral clearance. A drug product is
generally considered safe when there is less than one potential contamination in
every million doses. Total process clearance is determined by adding the log
reduction factors in virus titres of the individual steps identified to clear viruses. The
license approval documents for the antibodies investigated indicated other steps in
the purification process that served to ensure viral safety. These are summarised in
Table 2.11. This highlighted that typically 4-5 steps contributed to viral clearance,
where existing chromatographic steps in the purification process were used, in
addition to specific viral clearance steps, to demonstrate a reduction in the virus
particle titre.
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Table 2.11 Examples of purification steps used for viral safety^
Zenapax

Remicade

Herceptln

Hoffmann-La Roche

Centocor

Genentech

CATION-EXCHANGE

AFFINITY

AFFINITY

CHROMATOGRAPHY

CHROMATOGRAPHY

CHROMATOGRAPHY

VIRUS

VIRUS

VIRUS

NACTIVATION

INACTIVATION

INACTIVATION

VIRUS REMOVAL

VIRUS REMOVAL

CATION-EXCHANGE

FILTRATION

FILTRATION

CHROMATOGRAPHY

ANION-EXCHANGE

ANION-EXCHANGE

ANION-EXCHANGE

CHROMATOGRAPHY

CHROMATOGRAPHY

CHROMATOGRAPHY

VIRUS REMOVAL
FILTRATION

HYDROPHOBIC
INTERACTION
CHROMATOGRAPHY

‘ Sources: FDA approval information on http://www.fda.gov/cber/products.htm,
EMEA reports (EPAR) on http://www.emea.eu.int/htms/human/epar/epar.htm.

In addition to the above steps found in most of the therapeutic processes examined,
one company also used enzymatic treatment to remove nucleic acids using
Benzonase. Treatment with such enzymes typically reduces the high viscosity caused
by nucleic acids such as DNA, but adds an extra contaminant to be removed by
subsequent steps. In all other cases, DNA removal was achieved primarily by anionexchange chromatography.

b) Downstream processing of diagnostic whole antibodies
Table 2.12 summarises the process details found for the bulk manufacture of two
diagnostic whole antibodies. The primary recovery operations were very similar to
those described above for therapeutic antibodies. Turning to the purification steps, it
can be seen that only three chromatographic separations were employed for
purification, whereas four such steps were typically used for therapeutic
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applications. This suggests perhaps that diagnostics have less stringent purity
requirements. For example, Sofer & Hagel (1997) suggested that for a diagnostic it
could be acceptable to have a purity level of 95%, whereas for therapeutics purity
levels generally exceed 99%. A slightly unusual step is the use of gel filtration as the
first step in purification at Cytogen for ProstaScint when it is usually recommended
as a final polishing step. It was assumed that the main function of this gel filtration
chromatography was not for purification but for buffer-exchange. The matrix
employed (Sephadex G-25) supported this assumption. Regarding the matrices
employed for diagnostic antibodies, the use of Protein G for affinity separations and
DEAE-Sepharose for anion-exchange chromatography was also mentioned in
addition to those disclosed for therapeutics.

The regulatory reports for these diagnostics (ProstaScint and Humaspect) did not
disclose information on whether intermediate ultrafiltration steps were required
between the chromatography steps for buffer exchange and/or concentration. It can
therefore either be assumed that the chromatographic steps were carefully designed
so that the antibody was washed or eluted in a buffer suitable for the next
chromatographic step or that the conditioning steps were not mentioned in the
reviews.

With regards to viral clearance, one of the two diagnostics in Table 2.12 mentioned
specific viral clearance steps of a similar nature to those employed for therapeutic
antibodies. However, none were mentioned for ProstaScint and no indication in the
FDA review was given on whether existing purification steps were also used to
ensure viral reduction.

c) Downstream processing of antibody fragments
Although the use of E.coli fermentation was mentioned earlier as a suitable method
for the production of antibody fragments, the two marketed fragments were both
made by mammalian cell culture at Centocor. As indicated in Table 2.13, the
processes are very similar to those for whole antibodies but include papain digestion
steps to create the antibody fragments. Once again it can be seen that the process for
the diagnostic antibody (MyoScint) is shorter than that for the therapeutic antibody
(ReoPro).
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Table 2.12 Comparison of in vitro commercial bulk manufacture of diagnostic whole monoclonal antibodies^
PRODUCT
MANUFACTURER
CELL CULTURE

P rostascint
Cytogen
PERFUSION HOLLOW-FIBRE CULTURE
60 days

RECOVERY

FILTRATION
Clarification

HOLD/ POOL

STORAGE
At 2-8°C

Humaspect
Intracel Corp.
PERFUSION HOLLOW-FIBRE CULTURE
10 weeks

POOLING AND FREEZE AT -70C
Each batch - 8 harvests (weeks 1 & 2 discarded)

POOLING OF HARVESTS
PURIFICATION
(ROUND 1)

FILTRATION
Clarification and concentration of pooled harvests

VIRUS INACTIVATION
1% Triton-X-100,1 hr, ambient temp

GEL FILTRATION CHROMATOGRAPHY
Sephadex G-25 (assumed for buffer exchange)

AFFINITY CHROMAOTOGRAPHY
Protein G, more than 1 cycle

AFFINTIY CHROMATOGRAPHY
Protein A
PURIFICATION
(ROUND 2)

ANION-EXCHANGE CHROMATOGRAPHY
DEAE-Sepharose

ANION-EXCHANGE CHROMAOTOGRAPHY
Q-Sepharose

PURIFICATION
(ROUND 3)

CATION-EXCHANGE CHROMATOGRAPHY
S-Sepharose

ANION-EXCHANGE CHROMAOTOGRAPHY
Q-Sepharose, residual DNA binds to column

DEAD-END FILTRATION
0.22pmfilter

VIRUS REMOVAL FILTRATION (order not disclosed)
Viresolve 180, remove HSV-1 and poliovirus
pH AND CONDUCTIVITY ADJUSTMENT

Sources: FDA approval information on http://www.fda.gov/cber/products.htm,
EMEA reports (EPAR) on http://www.emea.eu.int/htms/human/epar/epar.htm.
•-J

Table 2.13 Comparison of in vitro commercial bulk manufacture of monoclonal mûhodiy fragments
PRODUCT
MANUFACTURER
INOCULUM GROW-UP

ReoPro"
Centocor

Myoscint*’
Centocor

CELL CULTURE

CONTINUOUS SPIN-FILTER PERFUSION CULTURE
spin filter

FERMENTATION
at least 5 fermenters, assume continuous as same manufacturer as ReoPro

RECOVERY

FILTRATION
dead-end

FILTRATION
dead-end (assumed like ReoPro)

PURIFICATION
(ROUND 1)

AFFINITY CHROMAOTOGRAPHY
Protein A

AFFINITY CHROMAOTOGRAPHY
Protein A

PAPAIN DIGESTION

PAPAIN DIGESTION

AFFINITY CHROMAOTOGRAPHY
Protein A

AFFINITY CHROMAOTOGRAPHY
Protein A

VIRUS INACTIVATION
Solvent/detergent
PURIFICATION
(ROUND 2)

ION-EXCHANGE CHROMATOGRAPHY

ANION-EXCHANGE CHROMATOGRAPHY
DTPA-COUPLING REACTIONS

PURIFICATION
(ROUND 3)

ION-EXCHANGE CHROMATOGRAPHY

PURIFICATION
(ROUND 4)

ION-EXCHANGE CHROMATOGRAPHY

PURIFICATION
(ROUND 5)

GEL FILTRATION CHROMATOGRAPHY

GEL FILTRATION CHROMATOGRAPHY

VIRUS REMOVAL FILTRATION

“ Assumptions: Few details were provided in FDA reviews for ReoPro; the process details were deduced assuming parts to be similar to Myoscint and Remicade as they are
all produced by the same manufacturer (Centocor)
Source: FDA approval information on http://www.fda.gov/cber/products.htm
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2.4

G e n e r ic

a n t ib o d y p r o d u c t io n p r o c e s s e s

The analysis permitted the operations commonly used in monoclonal antibody
manufacture to be identified. The generic processes were constructed using wither an
affinity-based process or an ion-exchange-based process with specific viral clearance
intermediate filtration steps. These are indicated in Figure 2.4.
SPINNER FLASK CULTURE

FED-BATCH CULTURE/
CONTINUOUS PERFUSION
CULTURE

MEMBRANE FILTRATION

AFFINITY CHROMATOGRAPHY

ANION-EXCHANGE
CHROMATOGRAPHY

VIRUS INACTIVATION

VIRUS INACTIVATION

CATION EXCHANGE
CHROMATOGRAPHY

CATION-EXCHANGE
CHROMATOGRAPHY

VIRUS REMOVAL FILTRATION

VIRUS REMOVAL FILTRATION

CONCENTRATION/
DIAFILTRATION

CONCENTRATION/
DIAFILTRATION

ANION EXCHANGE
CHROMATOGRAPHY

ANION EXCHANGE
CHROMATOGRAPHY

DIAFILTRATION/
CONCENTRATION

DIAFILTRATION/
CONCENTRATION

ANION EXCHANGE
CHROMATOGRAPHY/
GEL FILTRATION
CHROMATOGRAPHY

ULTRAFILTRATION

HYDROPHOBIC INTERACTION
CHROMATOGRAPHY/
GEL-FILTRATION
CHROMATOGRAPHY

ULTRAFILTRATION

Figure 2.4 Generic antibody production processes based on mammalian cell culture.
An affinity-based purification and an ion-exchange-based one are defined.
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2.5

F uture

t r e n d s in a n t ib o d y m a n u f a c t u r e

Having analysed processes for approved antibodies, attention was turned to some of
the technologies being used for antibodies in development in order to assess future
trends in antibody manufacture. Regarding cell culture bioreactors, the Wave
Bioreactor™, introduced by Wave Biotech in 1998, offers an alternative disposable
culture system up to 500L. Singh (1999) indicated that batches ranging from 100ml
to 580 litres have been run for monoclonal antibodies with productivity and maximal
cell densities comparable to stirred tank bioreactors. This reactor offers an
alternative to the more expensive stainless steel bioreactors, being an order-ofmagnitude cheaper (Singh, 1999) and has the advantages that come with the use of
disposable components, such as not requiring cleaning and sterilisation. However,
the limitations of its scale may pose problems during late phase clinical trials and
launch if scale-up results in a switch in bioreactor technology, as well as the
accompanying bioequivalence studies. The Wave Bioreactor has also been
developed to operate in perfusion mode (Ohashi et a l, 2001).

The use of transgenic plants and animals as culture systems is also attracting
attention in process development circles, for applications requiring very large
volumes. Additional pressures to investigate the use of transgenics derive from the
anticipated squeeze on manufacturing capacity in the coming years (eg. Morrow,
2001). Examples of transgenic efforts include antibody production in transgenics
goats at Genzyme Transgenics Corp. (GTC) that has been developed to provide
large-scale production at a potentially lower cost than mammalian cell culture
(Young et al., 1997). At present no antibody products have been licensed using
transgenics but Centocor is actively evaluating the potential of transgenics
monoclonal antibodies as a long-term strategy for large volume products in
collaboration with GTC (McCoy, 2000; Morrow, 2001). In particular Morrow (2001)
reported that they were jointly exploring the production of Remicade in transgenics
goats. Lonza Biologies, the second largest contract manufacturer of cell culturebiologics, is also working with GTC to develop methods for purifying transgenically
produced monoclonal antibodies and proteins (McCoy, 2000). Young et al. (1997)
provided a generic process for the production of biopharmaceutical proteins, such as
monoclonal antibodies, from the milk of transgenic diary animals (Figure 2.5). They
indicate that it is possible to attain yields of 65% and 99.99% final product purity.
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However, concerns regarding the use of transgenic animals include the lead time for
building up herds, as well as quality issues with prions and viruses (Morrow, 2001).
Transgenic plants may represent a cheaper alternative but also suffer from
disadvantages such as the time to establish stocks and that production sites may
require special security (Morrow, 2001).

Raw milk

DILUTION

MICROFILTRATION

DIRECT CAPTURE

CHROMATOGRAPHY

CHROMATOGRAPHY

CONCENTRATION/
DIAFILTRATION

ULTRAFILTRATION

Figure 2.5 Generic process for the production of biopharmaceutical proteins, such
as antibodies, from transgenic milk. (Adapted from Young et al., 1997.)

Although licensed antibody fragments have been produced in mammalian cell
culture, other systems are being developed for drugs in development. For example,
Erdmann (1998) reported that Genentech preferred using E.coli to generate antibody
fragments. A schematic of the process details provided by Erdmann (1998) on
Genentech’s approach is given in Figure 2.6. E.coli systems offer the advantages of
producing higher levels of product at a faster rate, cheap and simple media, and the
capability to generate multi-ton yields of product annually. Their inability to perform
glycosylation is not so problematic for antibody fragments. However, the
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downstream costs can be higher than mammalian systems owing to the product
recovery and refolding steps.

E.coli FERMENTATION

CENTRIFUGATION

RESUSPENSION

LYSIS

AGGREGATION

CENTRIFUGATION

AFFINITY
CHROMATOGRAPHY

ION-EXCHANGE
CHROMATOGRAPHY

Figure 2.6

Production of antibody fragments using an E.coli based process.

(Source: Erdmann, 1998.)

Regarding

novel

approaches

in

downstream

processing,

expanded

bed

chromatography has been gaining interest as it can combine clarification,
concentration and initial purification in one step. Such processes allow culture broths
to be applied directly onto the column without clogging it. Industrial, as well as
academic, evaluation of expanded bed chromatography has been executed. For
example, Centocor (Amersham Pharmacia Biotech, 1999) and Genentech (Morrow,
2000) are reported to be investigating the use of expanded bed processes for
monoclonal antibody production processes in an attempt to reduce manufacturing
costs.
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COMPARING INDUSTRIAL ANTIBODY PRODUCTION PROCESSES

2.6

C o n c l u sio n s

This chapter has highlighted the main differences and similarities found in the
commercial bulk production of monoclonal antibodies. To date all monoclonal
antibodies that have been approved have been made in mammalian cells either in
ascites fluid or by cell culture. Although earlier antibodies were produced using the
ascites in vivo technique it is now more practical to adopt in vitro cell culture
methods for commercial production, especially considering the large doses and
hence production scales required. Comparing the manufacturing processes based on
cell culture revealed that the main differences were in the cell type (hybridoma,
myeloma or CHO cells) and the cell culture method (batch/fed-batch or perfusion)
selected. The stirred tank bioreactor was found to be the most commonly used
reactor in batch/fed-batch culture.

The sequence of downstream operations was found to be very similar for all the
approved therapeutic and diagnostic antibodies investigated. Primary recovery was
found to rely mainly on micro/ultrafiltration and purification on affinity, ionexchange chromatography and, in some instances, hydrophobic interaction
chromatography. Few manufacturers adopted gel filtration chromatography as the
final polishing step; a concentration/diafiltration step often appeared as the final
purification and buffer-exchange step. Thus antibodies were found to be separated
based on their affinity, charge, hydrophobicity and size. Additionally, intermediate
ultrafiltration

steps

were

occasionally

mentioned

for

buffer-exchange

or

concentration prior to chromatography steps. Specific steps to assure viral safety
featured in all therapeutic processes and typically included both virus inactivation by
chemical means and virus removal by nanofiltration. The processes for diagnostic
antibodies were found to be shorter and marketed antibody fragments required extra
steps for antibody digestion.

Biopharmaceutical manufacture based on mammalian cell culture was used as the
problem domain for the conceptual framework designed to provide décision-support
when evaluating manufacturing alternatives. The generic processes in this chapter
provided a basis for the unit operations and ancillary operations to be included in the
tool, as illustrated in the next chapter.
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CHAPTER 3

C o n c e p t u a l M o d e l l in g F r a m e w o r k

3.1

I n t r o d u c t io n

As indicated in the preceding chapters, the financial squeeze on biopharmaceutical
companies has triggered renewed interest in manufacturing and its contribution to
their business performance. In this chapter, a conceptual framework is presented to
facilitate the evaluation of manufacturing alternatives. The proposed framework aims
to bridge the gap between the process and business perspectives of manufacturing, as
well as incorporating the effects of risk analysis. The implementation into a decision
making software tool is described in Chapter 4.

As the number of protein therapeutics in clinical evaluation continues to rise, more
efficient manufacturing strategies are being sought to cope with the increasing
demands. However, selecting an effective manufacturing strategy requires exploring
the balance between striving for improved operational efficiencies and the
subsequent implications on cost, time and risk. Unless the technical and financial
aspects are addressed explicitly, a company risks making decisions that are not bestsuited to achieve all goals. Simulation tools can be used to enhance understanding of
manufacturing systems and act as a test bed for their evaluation.

The remainder of this chapter is divided into nine main sections. Section 3.2
provides a description of the manufacturing domain that is addressed by the
tool/framework. The scope of the framework is indicated in Section 3.3. This is
followed by an introduction to the modelling approach adopted. Section 3.4.
Sections 3.5 and 3.6 elaborate further on the key features and parameters of the
framework. The models used to compute the product mass and the costs are outlined
in Sections 3.7 and 3.8, respectively. A brief discussion of the data collection
methods employed to construct and populate the framework is given in Section 3.9.
The final section summarises the salient properties of the framework.
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3 .2

D o m a in

d e sc r ip t io n

The key features of the manufacturing problem domain are identified in this section.
Prior to commercial manufacture, the production of a biopharmaceutical drug
candidate will be required at several stages during its development cycle.
Manufacturing issues must therefore be addressed early in the development process
to ensure sufficient supplies are produced to the correct standard, enabling deadlines
for clinical trials and product launch to be met (Clemento, 1999; Byrom, 2000;
Savage, 2000). Bulk drug manufacture must also support additional critical steps
such as process and assay development, stability programs, pre-clinical testing and
registration samples (Clemento, 1999; Bernstein & Hamrell, 2000). Manufacturing
decisions are further complicated by the need to comply with stringent current Good
Manufacturing Practices (cGMP), as well as the unique process validation
requirements of biotech facilities. These regulations are critical for controlling the
quality and safety of biologies. Although manufacturers of all drugs must adhere to
cGMPs, biologic drugs suffer more serious consequences if failures in engineering
and procedural controls occur (Copmann et al, 2001). These can lead to
contamination or product alteration, compromising product safety for clinical use.
Extensive documentation must be provided to comply with these requirements
(Gregersen, 1995).

Manufacturing of biopharmaceutical products is primarily by batch processes. As an
illustration, the tool was used to evaluate the manufacture of biopharmaceuticals
derived from mammalian-based processes. As highlighted in Chapter 2, each batch is
produced by a series of operations that proceed from fermentation (cell culture)
through to product recovery and finally purification, in a train of vessels. The
operations commonly applied at each stage were identified in Chapter 2 and are
summarised below. Large-scale production of cells, expressing the target product,
typically occurs in stirred-tank or airlift fermenters, operated in batch or fed-batch
mode, or in continuous perfusion systems. The resulting fermentation broth is a
complex mixture containing the secreted product in a dilute solution. Commercial
operations for product recovery include membrane filtration and centrifugation.
These operations are used for the removal of cells from the fermentation broth and
subsequent concentration of the cell-free liquor. Purification is typically achieved
using a combination of column chromatography and membrane filtration steps.

85

CONCEPTUAL MODELLING FRAMEWORK

These processes are highly selective and separate the products from contaminants to
achieve the required product purity for formulation. In addition, viral clearance steps
are required to remove viral contaminants derived from mammalian cells or
contaminated biological reagents. Chemical inactivation and nanofiltration can be
used for such virus removal.

Additional manufacturing operations are involved indirectly in the production of a
batch. These include the preparation of intermediate materials such as fermentation
media and buffer solutions. Equipment used to produce a batch also need to be
prepared; examples include cleaning-in-place (CIP) and sterilising-in-place (SIP)
operations, as well as chromatography column preparation activities.

Further support functions include the essential quality control activities such as
product assays, equipment and process validation, and the documentation required in
each batch record for regulatory purposes.

Successful operation of a production facility requires both a technical understanding
of the process and a command of the logistics of operations affecting the business.
On the process front, improvements in technical performance, such as higher product
yields, can be achieved by adapting the sequence of operations, the equipment
specifications and operating conditions and examining the effects on the properties
and composition of the process and the batch cycle time. On the business front,
enhancements in the management of operations require an analysis of the scheduling
of operations, the utilisation of resources (such as personnel, equipment, materials
and utilities), the overall productivity and the cost of goods. A computer-aided tool
capable of capturing and integrating these process and business needs can help
provide a rational basis for confident decision-making in manufacturing.

3.3

S cope

of fram ew o rk

Defining the scope of the modelling effort was a key initial stage required to focus
simulation efforts and to ensure the breadth of the analysis was not too wide that it
became too complex to handle. As mentioned earlier, the purpose of the simulation
tool was to assess investments in biopharmaceutical manufacture by examining both
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the process and business implications. More specifically, the scope of the modelling
framework was defined as follows:
•

To prototype manufacturing operations in a multi-product biopharmaceutical
facility, operating on a campaign basis,

•

To investigate supply-and-demand issues of drugs for clinical trials or
commercial manufacture,

•

To evaluate manufacturing alternatives in terms of cost, time, yield and resource
utilisation.

Manufacturing alternatives that the simulation model should be able to address were:
•

Facility decisions - eg. the use of a stainless steel versus a disposables-based
facility,

•

Process decisions - eg. the use of expanded bed chromatography versus
conventional product recovery techniques,

•

Capacity decisions - eg. selecting the optimum downstream capacity for a
potentially successful new drug.

In Chapter 5, the application of the tool to investigate the facility decision of whether
to invest in plant based on disposable components or a conventional one utilising
stainless steel equipment is presented. What follows in the next section is a
description of the approach adopted to model both the operational and financial
aspects of biopharmaceutical manufacture.

3.4

M o d e l l in g

appr oa ch

The framework introduced a hierarchical approach to represent the key activities in a
manufacturing process through a series of levels. Such approaches have often been
applied to systems in other sectors

(Manivannan,

1998; Lakshmanan

&

Stephanopoulos, 1998; Subrahmanyan, Pekny & Reklaitis, 1996; Puigjaner &
Espuna, 1998; Johnsson & Arzen, 1998). Hierarchical decompositions have also
been employed by researchers in The Advanced Centre for Biochemical Engineering
at UCL to represent all the phases of drug development (Karri et al., 2000). The
hierarchical framework presented in this chapter focuses more specifically on the
manufacturing operations.
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The hierarchical framework was modular and extensible allowing further levels of
detail to be added as required. Hence the procedure to manufacture a product could
be represented at different abstraction levels according to the desired goals of the
user. Modelling high-level activities helped provide an overview of the process and a
summary of the key operational and financial parameters. With more information,
each high-level activity could be broken down into sub-tasks that generated more
accurate estimates of the key parameters. The use of sub-tasks also permitted
parameters not considered at higher levels (eg. steam usage) to be modelled. This
hierarchical approach to modelling enabled selected activities to be examined in
great detail. This was a computationally efficient approach and also reflected the fact
that process data is often sparse. An example of the hierarchical levels used to
describe product manufacture is illustrated in Figure 3.1.

Each manufacturing campaign is composed of a set of batches to meet the product
demand. As indicated in Figure 3.1, each batch is defined by a set of recipes, which
interact with each other to produce a single batch. Each recipe comprises a procedure
and its resource requirements. Each recipe procedure can then be specified, in a
hierarchical structure, in terms of its unit procedures, and/or operations, and/or
phases. This resembles the ISA-S88 batch control standard for procedural control,
although the emphasis here is different. For batch control, the hierarchical structure
provides a gradual refinement of activities to the lowest level of detail that describes
the equipment phase logic; this is necessary to achieve equipment control. However,
the aim in this chapter is to simulate manufacturing activities to assess production
alternatives rather than to control equipment phases. Hence a model can be
considered complete at any level of the hierarchical framework; the level of detail
adopted is dictated by the purpose of the simulation and the information available.
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A closer examination of the hierarchical framework proposed specifically for
biopharmaceutical manufacture is given below. The domain description highlighted
the multiple types of activities required to manufacture a product. Performing all
these operations within a single recipe can be inefficient and complicated to modify.
The hierarchy was therefore configured to use separate recipes to manufacture the
product, prepare the equipment, prepare the intermediate materials and to perform
support quality control activities. This is indicated in the “batch-recipe” level in
Figure 3.1. This provides greater flexibility considering that often equipment, media
and buffer are prepared prior to, or concurrent with, the activities that directly handle
the batch of final product.

The ancillary recipes can be scheduled for use by the main product-manufacture
recipe. For example, the product-manufacture recipe can acquire equipment for
processing use and release it after use for cleaning by another recipe. This permits
dirty equipment to be cleaned by a CIP recipe which can be applied as often as is
necessary. Another advantage of the approach is that certain ancillary activities, such
as the preparation of intermediate materials, are not always dedicated to a specific
campaign. Similar separation of product recipes from recipes performing ancillary
tasks can be found in Bastiaan (1998) and Growl (1997).

As illustrated in Figure 3.1, each recipe procedure can be modelled in greater detail
in terms of its constituent unit procedures. For example, the product-manufacture
recipe procedure can comprise unit procedures such as “fermentation”, “filtration”
and “chromatography”. Similarly the equipment preparation recipes can be modelled
as unit procedures that are specific to certain equipment, eg. “CIP fermenter”. Under
certain circumstances it may be desirable to define each unit procedure more
precisely in terms of its individual operations. For example, the sequence of producthandling operations in a fermentation task could be “agitate”, “heat”, “react”, “feed
addition” and “discharge”.

All the hierarchical views of the activities in a manufacturing facility need to be
reconciled with the top-level view. This was possible through the use of common
parameters running through all the levels, namely cost, time and product mass. These
are discussed further in Section 3.6. However, lower-level views also provided
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valuable outputs and were therefore of use in their own right, eg. the unit operation
level was used to obtain resource utilisation profiles. A summary of the typical
outputs from each level is shown in Table 3.1.

Table 3.1 Summary of typical outputs from each level
Level

O utputs

Campaign

Total number of campaigns
Total cost of goods
Total fixed capital investment
Summary of recipe direct costs
Cumulative duration of campaigns
Cumulative product mass supplied

Batch recipe procedure

Total number of batches per campaign
Recipe direct cost
Recipe duration
Product mass supplied per batch & campaign

Unit procedure/operation

Task direct cost
Task duration
Process stream compositions
Resource utilisation profiles

3.5

Key

features

To satisfy both process and business applications each level specified the
manufacturing process in terms of the manufacturing tasks, the resources within the
plant, and the process streams that flow between material-handling tasks. Outside
these core knowledge requirements existed characteristics that are more specific to
each individual application. For process applications, examples include mass balance
data and associated mathematical procedures. Business applications require cost data
and knowledge of resource availability and utilisation. The developed framework
permits the user to investigate different production strategies in terms of the process
efficiency, mass and project throughput, resource demands and bottlenecks, and the
cost of goods.

91

CONCEPTUAL MODELLING FRAMEWORK

3.5.1 Tasks
Each block in Figure 3.1 represents an activity or task performing operations that
generally consume resources and may also produce resources for use by later tasks.
A task could be decomposed into subtasks as needed; hence a task block could
represent a collection of activities at a high-level or a single activity at a lower level
as indicated in Figure 3.1. The information available and the desired outputs of the
analysis determined the level of detail adopted to represent a task. As a minimum,
each task was characterised by its duration. For each task, the processing time
determined how long resources were required by a task.

3.5.2

Resources

Most manufacturing systems comprise resources, such as equipment, labour, and
material. Resources were classified as renewable (eg. labour and equipment) or non
renewable (eg. chemicals). Certain material resources had a hybrid classification. For
example, membrane-filters can be re-used for a certain number of cycles before
being disposed of. The ability to model flexibly resources along with their
corresponding usage patterns is a key requirement in most manufacturing
applications.

During a simulation, tasks in recipes request resources. The availability of these
resources could be defined by shift patterns, the production or consumption of
material, or the status of a resource. Resources therefore acted as constraints on the
process. If the resource was unavailable, the task could be delayed. An example of a
resource category whose status restricted its use is equipment; the equipment status
could be “dirty”, “clean” or “sterile” and various tasks would require equipment
resources to be of a particular and unique status before the task could proceed.

3.5.3

Streams

Process streams refer to the material flow between material-handling tasks.
Examples include the culture broth produced by a fermentation task, and
fermentation media produced by a media preparation task. The sequence of productmanufacture tasks defined how process streams flowed through the manufacturing
process. The process stream produced by the final product-manufacture task was the
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product of the manufacturing process. Each process stream was characterised by its
composition in terms of component masses, volumes and concentrations.

3.6

Key

param eters

All the features described in the previous section had input and output parameters, or
attributes. The following measures were considered critical for assessing the
capabilities and limitations of a manufacturing strategy: cost, time product mass and
risk. These are closely interrelated; the ideal manufacturing plant should operate
within a timeframe that maximises the mass throughput rate while being costeffective and with acceptable risk. The input and output parameters related to each
measure are discussed below.

3.6.1

Cost

Costs included the capital expenditures and operating expenses that would
accumulate when a company undertook the investment under analysis. The term
“cost of goods” is used interchangeably with operating/running costs. Costs could be
assigned to resources (and/or tasks) to reflect that costs were accrued due to the
consumption of resources or time. The costs could be expressed as unit costs, eg.
cost of fermentation media per litre, or as time-dependent costs, eg. cost of an
operator per hour. The framework, illustrated in Figure 3.1, led to the identification
and explicit modelling of new cost items incurred from ancillary activities, eg.
cleaning equipment and quality control. In traditional costing techniques, these costs
may be hidden in overheads or unaccounted for. The cost of each manufacturing task
was based on the costs incurred through the use of the allocated resources, excluding
equipment. Hence the framework provided a clear linkage between manufacturing
activities and their associated direct resource costs.

The resource costs are used to determine the fixed capital investment required and
the cost of goods per gram. The fixed capital investment was the capital paid to the
contractors to erect the plant complete with all the necessary equipment, piping,
instrumentation and utilities installed. It included the design and engineering costs as
well as the contractor’s fees. The cost of goods comprised both the direct costs
accrued based on resource utilisation and the more indirect manufacturing costs, eg.
maintenance, that are incorporated as investment-related costs. The duration of
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campaigns and the mass throughput also influenced the operating costs. The cost
models used are described in more detail in Section 3.8.

3.6.2

Time

The processing time of each task was either given as an input or was computed based
on equipment sizes and volumes of material to be handled. The duration of each task
was used to determine the duration of each recipe, batch and campaign. This
permitted the calculation of the number of campaigns that could be completed within
a given timeframe. The processing time was also affected by resource constraints
that could delay tasks until resources became available. Monitoring activities over
time also permitted the generation of resource utilisation profiles. These could be
used to assess whether modifications to operations would help reduce the frequency
of peaks in demand and provide a more streamlined process.

3.6.3

Product mass

The overall process yield per batch was determined by specifying data for mass
balance calculations. Computation of step yields and stream compositions resulted in
the determination of the product mass supplied per batch. This could then be
compared against the product demand to determine whether further batches needed
to be initiated to satisfy the stated demand. The overall yield and product mass,
therefore, also contributed to the number of campaigns that could be completed
within a given timeframe.

3.6.4

Uncertainty

Uncertainties in biopharmaceutical manufacture are associated with factors such as
yields, processing times, resource costs, product demands, contamination rates and
success in clinical trials. Traditional project appraisals tend to be deterministic;
uncertainties are not dealt with explicitly in mathematical terms. Incorporating the
effects of risk analysis enhanced the functionality of the tool as it enabled the
certainty associated with output measures to be predicted. To measure the risk of a
proposed investment, probability distributions could be assigned to all the key
uncertain variables. Historical data could be used to identify suitable distributions, if
available. However, most uncertainties are subjective estimates from informed
experts. The Monte Carlo simulation technique would then be used to determine the
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resulting frequency distributions of the output summary measures. This added an
extra dimension to the project appraisal as investments were assessed based on both
the expected outputs and their associated risks.

3.7

P r o c e ss

m odels

Up to this point, the key concepts behind the framework have been described.
Attention is now turned to the process models, which have been selected primarily to
describe

a manufacturing process based on mammalian cell culture.

No

comprehensive listing of simple, yet useful, design equations could be found in the
literature. Care was thus taken to construct or select models that described outputs
that facilitated rapid assessment of manufacturing alternatives, without requiring data
inputs that were complex or that necessitated specially designed experiments for
their estimation. This was key to enable facility, process or capacity decisions to be
made at early design stages that considered both the technical performance and the
implications on resources and costs. Models for additional unit operations can be
added when appropriate to the case under investigation.

Process models were used to calculate the compositions of the process streams, as
well as certain process variables. They comprised a combination of design equations,
which reflected design constraints arising from the process and equipment, and mass
balances taken over material-handling tasks. The general mass-balance equation for
operations in batch manufacture is founded upon the law of conservation of mass
(Equation 3.1):
S ' ”.", =
f
/

(3 1)

where m is the mass of components i to n.

The complexity of the models chosen depended on the purpose of the simulation and
the data available. Simplistic process models were initially proposed for use in the
framework. They acted as powerful analytical tools as they permitted the overall
product yield to be determined rapidly under different scenarios; this directly fed into
the number of batches required to meet the product demand and the costeffectiveness of the process. In addition they provided useful information such as the
amount of substrates required to achieve the desired product mass and the processing
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times of filtration and chromatography steps. More rigorous models can then be
added when appropriate. The basis of each process model is summarised in Table
3.2. The model equations for each unit procedure/operation are outlined below.

Table 3.2 Basis of process models
Unit operation

Basis - simple models

Key outputs

Fermentation

Stoichiometry

Broth composition

Extent of reaction

Centrifugation

Solids carry-over

Sediment composition

Solids volume-fraction in

Supernatant composition

sediment

Micro-/ultra-filtration

Flux

Permeate composition

Rejection coefficients

Retentate composition
Membrane area

or Concentration factor
or Processing time

Diafiltration

Flux

Permeate composition

Rejection coefficients

Retentate composition

Number o f diafiltration volumes

Membrane area

or Contaminant removal-

or Concentration factor

fraction

or Processing time
Number of diafiltration volumes

or Contaminant removalfraction

Dead-end filtration

Chromatography

Flux

Permeate composition

Rejected particle-ffaction.

Retentate composition

Particle volume-fraction in

Membrane area

retentate

or Processing time

Flowrates, yields

Product stream composition
Waste stream composition
Processing time
Buffer volumes
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3.7.1

Fermentation

In a fermentation process, substrates undergo biochemical reactions resulting in cell
growth and product formation. The process model could be applied to batch and fedbatch fermentations. Mass-stoichiometry was used to describe the relationship
between the substrates and products over a fermentation cycle. The stoichiometric
coefficients of the components were negative for substrates and positive for
products. The growth-limiting substrate also had to be identified as it was used as the
basis of the calculation. Substrates could include components in the inlet air and
media, both added at the start of fermentation and over the duration of the process.
Products of the reaction typically included cells, the target product, contaminants,
carbon dioxide and water. Using the stoichiometry in conjunction with a measure of
conversion facilitated a quick calculation of the output stream composition from a
mass balance. Here the conversion was defined as the extent of the reaction. This
could be calculated given the final concentration of one of the products of the
reaction, typically the titre of the target product. This information may be determined
from pilot plant studies, historical records or literature sources. The component
masses in the outlet stream,

, could then be determined as a function of the inlet

component mass, the extent of the reaction and the mass-stoichiometric coefficients:
"»«,,= "

J

,

,

,

( 3- 2)

“ lim

where

= inlet mass of the limiting substrate,
X

= extent of reaction,

cLi, ciiim = mass-stoichiomctric coefficient of component i and the limiting
substrate respectively.
More complex models involve growth kinetics and several more variables. These
would be more appropriate at a later stage of the design process to determine
optimum operating conditions for the fermentation. At this juncture the aim was only
to demonstrate that the framework could accept and use such models to compute
useful metrics for further insight.

3.7.2

Centrifugation

Centrifugation is used to separate components in a mixture based on their differences
in density and size. Centrifugal forces enhance the gravitational acceleration and
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settling velocities to produce a heavy-liquid discharge and a light-liquid discharge,
termed the sediment and supernatant respectively. A simple short cut model was
used to calculate the output stream composition after a centrifugation task was
completed. As indicated in Table 3.2, it was based on the user supplying the fraction
of solids carried over into the supernatant and the volume-fraction of solids in the
sediment. These are both easily determined experimentally. The model assumed that
there was a single component in the solid phase, typically cells. This was appropriate
for mammalian-based processes where the product is soluble and secreted, and so
centrifugation is often used to remove cells from the cell culture broth. The
compositions of the solid and liquid phases of each stream were determined
separately.

The solids carry-over fraction (5) was used to determine the mass of the solid
component in the sediment (m.vsed) and supernatant (rris sup)sed —(J

in

sup ~ ^ s in ~ ^ s sed

(3.3)
(3 -4)

where rus in is the mass of the solid component in the inlet stream.

The solids volume-fraction in the sediment (v^ sed) permitted the volume split
between the supernatant (Vsup) and sediment (Vsed) streams to be calculated:
Vv xeJ

Kw = —

(3.5)

^.v sed

where Vs sed is the volume of solids in the sediment, derived using the solids density.

The mass of liquid in the sediment could be determined from a volume balance on
the sediment stream, followed by a volume-to-mass conversion using the liquid
density. Given that the ratio of liquid components is the same in the inlet, sediment
and supernatant streams, the mass of each component in the liquid phase of the outlet
streams ( m,.

'/ m l

^

, m.

) could be determined:

sup ^

m,

(3-6)
^lin
m.

h sup

=171- -m .
in

sed

(3.7)

where m / = mass of the liquid phase of the inlet stream.

98

CONCEPTUAL MODELLING FRAMEWORK

m. ^ = mass of component i in the liquid phase of the inlet stream.
The stream compositions computed by the model could be used to estimate the
dewatering level, product loss and volumes of supernatant and sediment.

3.7.3

Membrane filtration

Differences in particle sizes are exploited in filtration techniques to separate particles
from a mixture. The mixture retained by the membrane-filter is termed the retentate;
the fluid that passes through the pores of the membrane-filter is the permeate.
Microfiltration and ultrafiltration operations, used to achieve product recovery and
purification, tend to operate in cross-flow mode; sterilising-filters are often operated
in dead-end mode.

3.7.3.1 Cross-flow filtration
In cross-flow filtration, the flow of liquid through a semi-permeable membrane is
accompanied by a tangential flow across the membrane surface. This reduces the
fouling of the membrane by sweeping deposits away from the membrane surface.
Cross-flow filtration models were required for concentration and diafiltration
operations. Both models were based on an average flux and the rejection coefficients
of each solute.

a) Concentration
The model equations for microfiltration and ultrafiltration are outlined below. The
flux described the rate at which solution flowed through the membrane. It is
commonly measured in litres of permeate per square metre per hour (L/m^h). The
definition of the average flux (7) also gave a relation between the flux,
concentration-factor (CF), membrane area (Ar), processing time (t) and number of
cycles («):

j.Y Â z s : : )
Aj. *%*f

(3 »

where Vo is the initial volume of the inlet stream to be concentrated.
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The above equation could be solved for any of three parameters. For a specific
membrane, its performance could be rated in terms of the concentration-factor (CF)
achieved or the processing time (t) required; alternatively the membrane area (Aj)
required to achieve a desired concentration-factor within a set time could be found.
Thus it is possible to use the model in a rating or a design mode. In a rating mode,
the performance of a given equipment is determined. In a design mode, the
equipment size required to achieve a given level of performance is computed.

The volume of the retentate (Vret) could be determined from the volumetric
concentration-factor (CF) since it is defined as:
(3.9)
The membrane’s ability to prevent a solute passing through it was defined by a
rejection coefficient for each solute (FC,):
RC, =

"

9

( 3 . 10)

" -

ret

where C, ret and C, perm are the concentrations of the solute i in the retentate and
permeate respectively.

The rejection coefficients and concentration-factor were used to estimate the masses
of the solutes rejected by the membrane (0<FC/<1), that remain in the retentate at the
end of the concentration:
"I,.,

0<ftC/<l

(3.11)

To compute the component masses of the solutes and water with zero retention
(FC, = 0), the constant ratio of the volumes of components with FC, = 0 in the initial
and final mixtures was used:
RQ=0

(3.12)

^0 RC^O
where Vi ret

= volume of component i in retentate,

Vo RC=o = total volume of components with FC=0 in initial inlet stream,
Vret RC=o = total volume of components with FC=0 in retentate.
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The component masses in the permeate stream were then calculated using a mass
balance:
perm —

in ~

(

ret

4 *13)

The model outputs can be summarised as the mass compositions of the retentate and
permeate streams, the membrane area/concentration-factor/processing time per cycle
and the total task duration.

b) Diafiltration
Diafiltration reduces the concentration of a contaminant in a process stream through
a buffer exchange. The diafiltration buffer solution is added to the tank feeding the
membrane at the same rate that permeate is removed. The permeate volume equals
the volume of the diafiltration buffer added; the retentate volume remains constant
throughout the operation.

In addition to the average flux and component rejection coefficients, the diafiltration
model required the volume of diafiltration buffer needed to be defined. This is often
expressed as a ratio of the diafiltration buffer volume to the original volume, termed
the number of diafiltration volumes (D).

Given the average flux (7), the processing time per cycle (t) or the total membrane
area

( A t)

could be determined:

J=

(4.14)

Ay. * n * r

The composition of the retentate was considered as the sum of the masses of
components that are retained from the original solution

^

from the

diafiltration buffer (m,._ fromVi„jj ). The former was calculated using® the following^
relationship:
0^G <1

(4.15)

Assuming zero retention of the solutes in the diafiltration buffer permitted their
contribution to the retentate to be calculated as follows. The remaining volume that
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made up the retentate was assumed to be from the diafiltration buffer. The individual
retentate component volumes from the diafiltration buffer (V.

) were scaled

relative to the volume of diafiltration buffer that remained in the retentate. This used
the fact that the volumetric ratio of buffer components was constant in any volume of
buffer that was transferred to the retentate. This is expressed mathematically as:
y

^

(4.16)
h u ff

where Vbujf

= volume of diafiltration buffer,

Vi buff = volume of component i in diafiltration buffer.

The total mass of each component in the retentate could then be computed as:
(4.17)
The permeate masses were calculated from a mass balance as in the case of filtration
for concentration.

The model could also calculate the number of diafiltration buffer volumes (D)
required to achieve a certain reduction in a contaminant, expressed as the removalfraction of a specific contaminant (F,). This was based on solving equation 4.15 for
D:
1

D = ---- -—
FC. - 1

7tl

^
m‘•/o
..

0 ^ C /< 1

(4.18)

0 ^ /< l

(4.19)

where
- ^ = 1 -F ,
m iO

3.T.3.2 Dead-end filtration
Dead-end filtration tends to be used for sterile-filtration operations that can occur
throughout the process. Examples include application upstream to ensure sterility of
fermentation media and prior to final filling as the last bacterial removal step.
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The dead-end filtration model was based on the average flux, the rejected fractions
of the particles and the particles-volume-fraction in the retentate. Here, “particles”
refers to components that are too large to pass through the membrane.

The component masses of particles that remain in the retentate was simply
determined as follows:
mi ret

- RF^mio

0^F < \

(4.20)

where RF is the rejected fraction of the particle.

The particles-volume-fraction in the retentate (v^ ret) was used to determine the
volume of the retentate. This permitted the volume of the remaining fully-permeable
solutes trapped in the retentate to be calculated:
(4.21)
^ p ret

* K , «FW,

%

=0

(4.22)

^ 0 RF=0

where Vp ret

= total volume of particles that remain in the retentate,

Vi ret RF=o

= volume of component i with RF=0 in retentate,

Vret RF=o

= total volume of component with RF=0 in retentate,

V oRF= o

= total volume of components with RF=0 in initial inlet
stream.

The permeate composition was then determined from a mass balance as indicated
earlier for cross-flow filtration.

It is also possible to determine the membrane area or processing time required in a
similar fashion to that shown for cross-flow filtration. They can be derived from the
following equation for the average flux:
7 =

^

(4.23)

3.7.3.3 Chromatography
Chromatography is a high-resolution technique based on differential migration of
solutes through a stationary chromatography matrix. Adsorption chromatography,
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such as affinity or ion-exchange chromatography, exploits differences in binding
specificity or ionic charge. Gel filtration chromatography, also known as sizeexclusion chromatography, separates molecules based on their size. A typical
chromatography operation involves a “load” step where the inlet stream is fed onto
the column, a “wash” step to remove residual unbound material and an “elution” step
to collect the solutes retained by the matrix. In gel-filtration chromatography there is
usually no wash step. As the elution buffer flows through the column, the solutes
travel at different speeds through the column depending on their relative affinities for
the matrix. As a result they are separated and appear for collection at the end of the
column at different times. The feed mixture is thereby fractionated and purified.

The performance of chromatography columns was approximated using yield-based
models. The model computed the cycle time, buffer volumes and product and waste
stream compositions.

The time of the load (L), wash (W), and elution (E) stages were determined from the
linear velocities (w), column volumes of buffer (CV) used and the column height (H):
H*CV
r = ----- ^

r = L, W,E

(4.24)

The buffer volumes required for washing and elution stages were estimated based on
the number of column volumes (AO and the column volume (Vcoi):
Vr = CVr * Vaol * N * n

V = L,W,E

(4.25)

This simple relation was more efficient than entering the buffer volume directly as it
automatically updated the volumes required each time a different column size was
used.

For adsorption chromatography, where the function was to bind product, the
following analysis was applied in order to determine the compositions of the product
and waste streams. The mass of components from the load

prod^

bind to

the chromatography matrix was determined based on the component yields (y,). The
mass of the elution buffer components that ended up in the product stream
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) were then determined, assuming that the remaining mass was from the
elution buffer. The mass of the components in the product stream from the load and
elution buffer were summed. The remainder exited in the waste stream. This was
described by the following equations:
(4-26)
V.i p ro d.from E = —
-y

(4 21)

,frnm E

(4 .2 8 )

*P>

(4.29)
waste

~

L

W

E

~

p ro d

(4.30)

where pi = density of component i.

For gel filtration, the equations were similar except that there were no terms related
to the wash stream.

For adsorption chromatography, where the function was to bind contaminants, the
following equations were used to determine the compositions of the product and
waste streams:
rriiprod = mi L ^ yi
mi w a ste —mi ]_, +

Ifli

(4.31)
+

TTli

£ - 77îip rod

(4.32)

3.7.S.4 Viral clearance
Viral clearance tends to be achieved using a combination of steps. Some may be
existing purification steps such as chromatography. In addition dedicated steps such
as chemical inactivation or nanofiltration are used. The virus reduction factor of an
individual step is defined as the logio of the ratio of the virus load in the inlet stream
and the virus load in the outlet stream that passes onto the next step of the process.
This is usually termed the log clearance factor. The overall clearance factor for a
complete production process is the sum of the log clearance factors of the individual
steps. It represents the logarithm of the ratio of the virus load at the beginning of the
first process clearance step and at the end of the last process clearance step.
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The number of virus units in the product outlet stream was determined using the
following equation:
=Mo*10^^^

Uprod

where Upr„d

= number of virus units in the product stream

uo

- number of virus units in the inlet stream

LCF

= log clearance factor.

The above section summarises the process models of the key unit operations found
in mammalian-based processes. The library of manufacturing activities and their
associated process models can be extended when appropriate to a case study under
investigation. The next section describes the cost models established for use in the
framework.

3.8

C o st

m odels

Two of the key financial performance metrics, used to compare different production
strategies, were the fixed capital investment and the cost of goods. Simple cost
models were initially proposed to provide rapid estimates of these metrics. The open
architecture of the framework permits more detailed and accurate models to be added
to complement these as and when additional data becomes available from the
biopharmaceutical industry. This section outlines the cost models used.

3.8.1

Fixed capital investment

The fixed capital investment was approximated using a factorial method, suggested
originally by Lang (1948). Factorial estimates are based on the analysis of costs of
previous projects and relate the total capital cost of the plant to the cost of the
equipment in the plant. This provides a considerable reduction in the effort needed to
prepare an estimate and made the method particularly valuable to this research
project; quick costings of competing processes were initially sought, which were
based on information that is relatively easy to obtain early in the design process.

Multiplying the total equipment purchase cost by a factor, usually termed the “Lang
factor”, provided a rapid order-of-magnitude estimate of the fixed capital cost. A
cost equation summarising this technique is given as:
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(4.33)
where C/ = fixed capital investment.
Ce = total equipment purchase cost,
/ l = “Lang factor”.

In addition to the equipment cost, the Lang factor accounted for cost factors relating
to items such as piping, instrumentation, electrical work, buildings, utilities and site
preparation, as well as design and engineering costs and contractor’s fees. The value
of the factor depends on the type of plant. For chemical engineering facilities, values
in the range of 3-5 are often recommended (Sinnott, 1993, Peters and Timmerhaus,
1991). Examples of capital cost breakdowns in the literature (Osborne, 1997;
Hamers, 1993; Nelson, 1998) have suggested factors in the range of 6-7 as more
typical for biopharmaceutical plants. In addition, discussions with industrial experts
have indicated that factors in the range of 4-7 are more suitable for the
biopharmaceutical sector (A. Sinclair, BioPharm Services, Bucks, England, personal
communication). These provide default input values for the model.

3.8.2

Cost of goods

The tool employed the model indicated in Table 3.3 to calculate the cost of goods
(COG). The COG model was derived from those typically found in chemical
engineering textbooks (Sinnott, 1993) but was adapted to reflect the extra costs
associated

with

current

Good

Manufacturing

Practices

(cGMP)

for

biopharmaceutical plants. The cost of goods was defined as the manufacturing cost,
thus excluding general expenses such as sales and administration costs. The direct
(variable) costs were computed based on the utilisation of the material, utilities and
staff resources. The indirect costs (fixed overheads) were mostly derived from the
capital investment. Since the tool was intended for evaluating the effects of different
production strategies it was found to be more useful to base the staff costs on their
utilisation rather than considering them as a fixed annual salary-based cost.
Monitoring the direct utilities cost does not account for the ongoing utility charges
for running the manufacturing facility. For example, HVAC systems are critical to
controlling air particulate levels and air pressure differentials in different rooms so as
to prevent contamination and securely contain micro-organisms used for production.
An extra cost category termed “general utilities” was added to account for this.
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Advice on a suitable correlation for this category was sought from industrial experts
(A.Sinclair, Biopharm Services, Bucks, England; M.Sawyer, Lonza Biologies,
Portsmouth, NH, personal communication). The cost was derived as a function of the
facility size or floor area. The fixed overhead costs were allocated to a project based
on its occupancy time in the manufacturing plant.

Table 3.3 Cost of goods model
Cost category
DIRECT

Value

Direct raw materials

f (utilisation)

Miscellaneous materials

0.5 * Direct raw materials

Direct utilities

f (utilisation)

Operating labour

f (utilisation)

Supervisors

0.2 * Operating labour

Quality Control & Quality

1.0 * Operating labour

Assurance

INDIRECT

General management

1.0 * Operating labour

Maintenance

0.1 * Capital investment * Project Duration (years)

Local taxes

0.02 * Capital investment * Project Duration (years)

Insurance

0.01 * Capital investment * Project Duration (years)

Depreciation

Capital investment / Depreciation period * Project
duration (years)

General utilities

Cost per unit area per year * Facility size * Project
duration (years)

TOTAL

COST OF GOODS

Apart from the direct resource costs, the remaining cost categories were each
estimated as a function of other costs. The default values for the factors used in these
functions are indicated in Table 3.3; they provide a rapid estimate of the distribution
of costs in a biopharmaceutical plant. These values were derived from literature or
expert sources as indicated below. Pugh (1998) provides estimates of the
miscellaneous (indirect) material costs (eg. safety clothing) as 33-67% of the direct
raw material costs for cell culture facilities. A value of 50% was taken as the initial
default value. The staff for supervision, quality and general management were
estimated based on the operating labour cost as suggested in chemical engineering
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textbooks (Sinnott, 1993;Peters and Timmerhaus, 1991). However, the actual value
of the factor for quality staff was increased to reflect the higher burden on quality
control activities in the biopharmaceutical industry. The new value for the factor was
derived after soliciting advice from industrial experts. Some (C. van Hoorn, Merck
& Co, West Point, PA; N. Henschel, Boehringer Ingelheim Pharma KG, Germany,
personal communication) suggested that relative to a chemical pharmaceutical
facility, the quality assurance demands would be similar in a biopharmaceutical
plant, whereas the quality control staff would be 2-3 times greater. Others have
suggested that for every operator, there should be 2 quality control staff. In chemical
engineering textbooks, quality costs are estimated as one-fifth of the operating labour
cost. Using the advice from industrial experts suggests that a factor of 0.4 - 2 would
be more appropriate. A default value of 1 was selected. When quality operations are
modelled explicitly this factor can be reduced or removed to avoid duplications of
costs. The default value for the annual cost of general utilities per unit floor area was
assumed to be $300/m^ (M. Sawyer, Lonza Biologies, Portsmouth, NH, personal
communication). The factors for the remaining fixed overheads such as maintenance
were assumed to be similar to those for process engineering facilities.

In addition to calculating the cost of goods on a cost category basis, the framework
also permitted the calculation of the direct cost of goods on a task basis, as
mentioned earlier. Viewing costs on a unit operation basis can be more useful to a
process development team since it highlights where to focus cost reduction efforts.
These features of the approach are explored further in the case study presented in
Chapter 5.

3.9

D ata

c o l l e c t io n

As highlighted in the previous section, parameters in the models within the
framework have default values. They come from the following sources: industrial
experts, historical data, literature and vendors. Data collection involved a series of
discussions with experts (J. Birch, D. Sherwood, J. Bonnerjea at Lonza Biologies,
Slough, England) to ensure data values were sensible. In addition they were
consulted to validate the structural model assumptions through discussions of the
manufacturing operations in biopharmaceutical plants. The experts were also called
upon to validate whether the results of the simulation model were reasonable. Advice
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from Other industrial experts was solicited where appropriate. Default values for
parameters in the process and cost models, such as linear velocities in a
chromatography step and cost factors, were built into the models with the flexibility
to modify them. Additional data, such as typical processing times of certain tasks,
were kept in a spreadsheet and initial links to these default values will be carried out
manually. The possibility for them to be linked programmatically exists for future
development.

3.10 C o n c l u sio n s

The modelling approach developed and adopted in this thesis allows modellers to
capture effectively both the process and business knowledge of a manufacturing
process. During data gathering, the model layout serves as a vehicle for
communication between different departments within a company such as process
development, manufacturing, accounting, and management. Consequently, the
process of developing the simulation model also aids in providing understanding
about how a process really operates. The simulation results can then be used to build
consensus amongst decision-makers.

The hierarchical framework is modular and extensible allowing further levels of
detail to be added as required. Hierarchical modelling confers maximal flexibility
since it permits tasks to be modelled at different levels of detail, according to the
goals of the user. Hence, users interested in obtaining an overview of the key
performance metrics in the process may simply model the higher level activities.
However, when more accurate estimates are required users can exploit the
hierarchical decomposition to model the lower level activities.

The framework also encourages ancillary tasks to be modelled explicitly.
Consequently the resource-demand profiles are more realistic, and hence the cost
models account for items that may have otherwise been unaccounted for. The taskoriented approach also promotes transparency, as it is possible to view the cost,
duration and yield of each task. In addition, risk and uncertainty are dealt with in a
computationally disciplined fashion. Investment appraisal can therefore be based on
both the expected outputs and the likelihood of achieving certain threshold values.
The performance measures built into the framework to evaluate manufacturing
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alternatives can therefore be summarised as cost, tim e, m ass, resource utilisation and
risk.

Expert know ledge has been crucial in establishing a base case set o f assumptions,
som etim es specified as default values in the framework or as additional values in a
database to choose from when populating the input values o f a specific case study.
These values were vital to the application o f the framework. This w ill becom e
evident in Chapter 5. Prior to illustrating the application o f the framework, its
translation into a décision-support software tool, designated S im B io ph a r m a , is
described in the follow ing chapter.

Ill

CHAPTER 4

D e s ig n

4.1

and

I m p l e m e n t a t io n

of

S im B io p h a r m a

I n t r o d u c t io n

This chapter describes the implementation of the conceptual hierarchical framework,
presented

in

the

biopharmaceutical
S im B io p h a r m a ,

previous

chapter,

manufacture.

In

as

a

this

simulation

tool

décision-support

for

modelling

tool,

called

emphasis is placed on how a closer integration of bioprocess and

business process modelling can be achieved by capturing common information in an
object-oriented environment. The steps to use

SIMBIOPHARMA

for addressing the

impact of manufacturing options on strategic technical and business indicators are
identified.

Section 4.2 provides an assessment of suitable packages for the implementation of
the logistical and process models. Section 4.3 presents an overview of the main
components that comprise

SIMBIOPHARMA

in terms of the system definitions and

user-interface. Section 4.4 describes how the different properties and behaviours of
the operation of a biopharmaceutical manufacturing plant have been implemented in
the object-oriented programming language. The steps to assemble a simulation
model, for a specific company examining its biopharmaceutical manufacturing
operations, are then indicated in Section 4.5. Finally, a summary is provided in
Section 4.6.

4.2

A s s e s s in g

s o f t w a r e p l a t f o r m s f o r im p l e m e n t a t io n

Having developed the conceptual framework, the next stage involved selecting a
suitable software platform to translate the framework into a computer-aided tool. The
terms “software platform” and “modelling language” are used interchangeably. This
section summarizes the required capabilities of the software platform(s) and assesses
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whether one or several platforms are best suited to implement both the logistical
models, describing the interactions between tasks and resources over time, and the
mathematical process models, used to determine the composition of the process
streams.
4.2.1

Requirements specification

The conceptual framework, presented in Chapter 3, identified the key features, eg.
tasks, and parameters, eg. cost, to represent the process and business perspectives of
manufacturing processes of biopharmaceuticals. This permitted the development and
refinement of a “requirements specification” that describes what the software
platform should be able to accomplish. A summary of the requirements specification
is shown in Table 4.1. The required capabilities of the modelling language can be
divided into two categories: “declarative and procedural knowledge” representation
capabilities and “dynamic behaviour” capabilities. The declarative and the
procedural knowledge refer to the properties and functions of a manufacturing
process that the modelling language must be able to represent. For example, a
fermentation task’s properties include its cost and duration and its functions include
the production of a fermentation broth containing the target product. The dynamic
behaviour capabilities relate to time-dependent operations that the language must be
able to perform so as to visualise the process logistics and analyse its performance.
An example of information that must be updated in “real-time” is resource
availability, since this affects the allocation of resources to tasks over time. This is
important for tasks competing for specific resources since the tasks can become
delayed by the non-availability of a resource. In addition the availability of
equipment resources is further constrained by their status which can change between
“clean”, “sterile” and “dirty”.

There are also environmental considerations when selecting software platforms for
building applications. Ease of use can be enhanced by a graphical and intuitive userinterface. A modelling language that supports the development of re-usable modules
is of prime importance to ease development, testing and maintenance of the tool
created. In addition, the modelling language should be extensible so that pre-defined
constructs can be easily customised to suit an application.
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Table 4.1 Requirements specification for the tool
Requirement Type

Specification

Representation of
declarative and
procedural
knowledge

Tasks and their characteristics
Resources and their characteristics - resources include
equipment, personnel, utilities and materials
Material flow and its characteristics
Relationships between tasks, resources and material
flow
Sequences of tasks
Resource requirements for each task
Calculation procedures for mass balances and costing
Variables for the calculation procedures
Time
Hierarchical views of the tasks
Risk/uncertainty: stochastic variables defined using
probability distributions

Dynamic
simulation

Dynamic simulation of task sequences
Dynamic allocation of resources to tasks
Dynamic invocation of calculation procedures to
compute material flow compositions and costs
Dynamic invocation of procedures to compute
resource utilisation statistics
Monte Carlo simulation
Single-threaded, multi-threaded and parallel
processing

Flexible
development
environment

Graphical user-interface
Modular
Extensible

Object-oriented programming languages were found to have features that support all
the required capabilities outlined above. Similar conclusions were related by Knutilla
et al. (1998), when examining several platforms for specifying manufacturing
processes. A summary of the key features of object-oriented languages that are
pertinent to the simulation of manufacturing systems is given in Table 4.2.
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Table 4.2 Key features of object-oriented languages
Feature

Advantage

Objects

Natural mapping between manufacturing
entities and objects

Class hierarchies and
inheritance

Subsystems and
information hiding

Modularity

Classes inherit properties and behaviour
from other classes

Facilitates the development of hierarchical
views of manufacturing systems

Eases development, testing and
maintenance of the application

Reusability

Avoids duplication of code and facilitates
rapid prototyping

4.2.2

Implementation strategy using an object-oriented approach

Gensym’s 02® (Gensym Corporation, Cambridge, MA) was selected as the most
suitable environment in which to build the models describing the process and
business perspectives of biopharmaceutical manufacture.

G2 is a graphical simulation tool that enables modelling of a number of key
manufacturing and business features, such as resource utilisation and costs. Both
types of applications require common information such as the process sequence, the
unit operation models, the design data, the relationships between objects and the
constraints on the process due to time, cost and resource availability. This
graphically- and object-oriented knowledge-based tool can be used to capture and
formalise all these common properties. A particular advantage of such an objectoriented language is its rapid prototyping capability, which facilitates the
development of applications in a modular fashion, where modules are re-usable. A
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benefit of the knowledge-based approach is that more of the information is in an
explicit, declarative form, accessible by both developers and end-users, rather than
buried in procedural code (Stanley, 1994). This facilitates error detection. A further
and powerful property of such knowledge-based systems is the inheritance in a class
hierarchy, which simplifies development and maintenance by abstracting common
properties and behaviours.
ReThink® (Gensym Corporation, Cambridge, MA), an application that runs in 0 2 ’s
object-oriented programming environment, contains useful pre-built features, such as
basic tasks and resources, to enable business process re-engineering. New features
pertinent to biopharmaceutical manufacture can be added by extending and
customising the building blocks in ReThink, using the 0 2

programming

environment. It was therefore initially proposed that the conceptual framework
would be translated into ReThink. Theoretically then

when modelling a

manufacturing process at the unit procedure/operation level, ReThink would be
configured to allow users to build simulation cases that comprise the production
process sequences as interconnected tasks, each with a duration and cost and each
related to the resources it requires. This would monitor the cost and time outputs.
The advantage of this task-oriented approach is that it focuses more on the logistics
of production unlike the unit-oriented approach that focuses more on the plant
schematic. This method promotes a clear linkage between the manufacturing
activities, their resource requirements and costs incurred through the use of the
allocated resources. This can provide a better understanding of where costs originate
and how improvements can be made to the process. Another benefit of the taskoriented approach is that it facilitates a hierarchical analysis of the process by
describing the manufacturing activities at various levels of abstraction. Resource
requirements are expressed explicitly for each task. This provides a clear
visualisation of the tasks and their required resources. Such an approach confers a
higher level of flexibility than implicit resource representation since the resource
requirements of a task are not fixed in its properties but can be set at any time
without disrupting the tool infrastructure.

The technical performance of each task and hence the material flow to each task was
dictated by mathematical models for the unit operations. The values of these
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performance variables could either be determined by specifying the mathematical
models in G2 or by data seeking to an external simulator containing the unit
operation models. Thus a key implementation decision was to determine the
optimum method of incorporating the output of the mathematical process models
within this décision-support software. The aim of the next section is to identify and
assess possible methods of combined mathematical and decisional models.
4.2.3

Linking logistical and process models

Based on the modelling strategy highlighted above, three possible ways of
integrating the mathematical process and logistical models were identified as
follows:
Option 1:

Perform the mathematical process modelling with the aid of an

existing commercial package specifically designed for the bioprocessing industries,
such as BioProcess Simulator™ (AspenTech, Cambridge, MA) or BioPro Designer®
(Intelligen, Scotch Plains, NJ), and link the outputs to the logistical models in
Gensym’s G2.
Option 2:

Create the mathematical process models using spreadsheet packages,

such as Excel® (Microsoft Corporation, Santa Rosa, CA), or a general-purpose
simulator, such as MATLAB® (The MathWorks, Inc., Natick, MA), and link the
outputs to the logistical models in Gensym’s G2.
Option 3:

Create both the mathematical process models and the logistical

models in Gensym’s G2.

The following criteria were used to evaluate the viability of these frameworks where
applicable:
•

Availability of existing process models

• Ease of use of existing process models
• Simple versus rigorous process models
• Ability to create user-defined models
•

Availability of suitable numerical solving techniques

• Ability to handle stochastic variables
• Ability to link to Gensym’s G2 software.
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A summary of the assessment of the three proposed frameworks of combined
mathematical and decisional models is shown in Table 4.3. This is elaborated on
further below.

Table 4.3 Summary of assessment of frameworks of combined mathematical and
decisional models
Location of process models
Assessment Criteria

BioProcess
Simulator

BioPro
Designer

Spreadsheet/
Simulator

G2

Availability of existing
process models

Yes

Yes

No

No

Ease of use of existing
process models

Difficult

Easy

N/A

N/A

Simple V rigorous process
models

Simple and
rigorous
models

Only simple

Adaptable to
simple and
rigorous

Adaptable to
simple and
rigorous

Ability to create userdefined models

Yes

No

Yes

Yes

Availability of numericalsolving techniques

Yes

Yes

Yes

No

(But only for
specific unit
operations)

(Programming
required)

Ability to handle stochastic
variables

No

No

Yes

Yes

Ability to link to Gensym’s

Possible

Possible

Possible

Not required

But time,
effort and
dependence on
vendors
required

But time,
effort and
dependence on
vendors
required

02
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Assessment o f Option 1
Initially the possibility of using a commercially available process simulation package
tailored for the bioprocess industry was investigated.

Such an option appeared

attractive at first since these packages often have the following built-in features:
•

Unit operation models which calculate the performance of each item of
equipment

•

Physical property models and data

•

Graphical interface to build up the flowsheet

•

Costing functions to calculate plant cost, operating costs and profitability.

Thus such a package had the potential to avoid the need to recreate similar features
in another programming environment and hence allow one to concentrate solely on
how to link the outputs of the process simulation to the decisional business models in
the G2-based modelling tool.
Option 1 was investigated by assessing the suitability of two existing process
simulators, AspenTech’s BioProcess Simulator (version 9.3-1) and Intelligen’s
BioPro Designer (version 2.71), for the mathematical process modelling.

a) AspenTech’s BioProcess Simulator (BPS)
Assessment of BPS began by using the built-in unit operation models for the batch
fermenter, the centrifuge, the membrane filter and the gel chromatography unit
separately. Attempts were made to find sensible parameter inputs for each unit
operation and experimental data to verify the model predictions. However this was
not possible in all cases due to lack of suitable data at the time which also
contributed to problems with convergence of the model calculations. Investigation of
BPS was terminated after a period as AspenTech provided notification that BPS
would no longer be sold commercially or academically.

BPS was developed as an extension to ASPEN PLUS by adding unit operation
models and property methods suitable for the bioprocess industries. Although it was
apparent that its use was no longer a viable option following notification of its
withdrawal, the short exposure to BPS provided a basis for comparison of alternative
approaches and highlighted both the desirable and undesirable features of a
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bioprocess simulation package. Further explanation of the brief assessment of its
capabilities, summarised in Table 4.3, is provided below.

One of the main benefits of using BPS was that it permitted both rigorous and
approximate modelling of a unit operation. Mathematical models, based on physical,
chemical and biological phenomena, as well as empirical models were utilised to
describe the performance of unit operations. The rigorous models typically involved
detailed

performance

relationships

such

as

fermentation

kinetics

and

chromatography isotherms. BPS also permitted the creation of user models written in
Fortran for complete unit operation models, complete physical property models,
sizing and costing models, the attribution of special stream properties, generation of
stream reports and for performing various calculations within the unit operation
models.

When BPS was launched, the specific models for the bioprocessing industries were
mostly rigorous; for downstream processing steps, the short-cut models were
typically based on existing generic separation models in the chemical process
simulator, ASPEN PLUS. Thus to use models specific to the bioindustries typically
required several parameter inputs for each unit operation model. Difficulties were
also experienced in identifying suitable values for all the required parameters,
resulting in complications when trying to achieve convergence of the individual unit
operation models. A further limitation of BPS was that it was not ideal for batch
processes, being designed for steady-state simulation and continuous processes. For
batch and fed-batch operations, such as fermentation, BPS provided dynamic models
that represented the true operating cycle and calculated profiles of operating
variables. However, to interface such batch unit operations with a steady-state
flowsheet, it was necessary to use time-averaged streams. Considering that whole
bioprocesses often operate in batch, fed-batch or semi-continuous modes, each
biochemical unit operation had to be time-averaged to obtain the equivalent steadystate behaviour and so was treated as pseudo-continuous in BPS. This was not
considered to be an optimal approach as none of the individual bioprocessing stages
operate continuously. Furthermore, regarding the linkage of the process outputs with
G2, AspenTech indicated that they did not have a generic link between BPS and G2.
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To develop an interface between BPS and G2 would either require the user to write
their own bridge code or heavy reliance on AspenTech for this.

It was apparent from this initial study on AspenTech’s BPS that the use of a simpler
simulator more suitable for batch processes would be desirable. Research was then
directed towards investigating the potential of BioPro Designer as the process
modelling package to link to the logistical models in Gensym’s G2.
b) Intelligen’s BioPro Designer
Intelligen’s BioPro Designer version 2.7 was assessed by using each of the major
bioprocessing unit operations to determine which calculations each of the required
inputs were involved in. In addition to its process simulation and costing functions, it
also offered a scheduling facility that generated a Gantt chart that graphically
depicted the operating and turnaround times of each unit operation. Evaluating
BioPro Designer’s suitability to act as the bioprocess modelling package revealed the
issues described below.

Key advantages of using BioPro Designer (v.2.7) were found to be that it was
relatively simple and fast to set up a flowsheet for an entire process. It also had
default values for many of the input data required for simulation that could be used
when experimental data were not readily available or as a reference to check against.
All the unit operation models in BioPro Designer (apart from the kinetic
fermentation models) were found to be based on simple algebraic equations, which
were used to compute either the performance parameters in the ‘rating’ mode or the
size and number of equipment required in the ‘design’ mode. BioPro Designer was
found to be useful for sensitivity analysis cases that involve assessing the effect of
changing the sizes and number of equipment units on the economic evaluation of the
process.

However, one of the key disadvantages was found to be that BioPro Designer (v.2.7)
only offered pre-specified functionality with no option to create user-defined models.
This meant that it was not possible to model newer unit operations such as expanded
bed chromatography, or to customise existing models. For example, mammalian
cells are often cultured in fed-batch fermentations and the kinetics could not be
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adjusted to account for the effects of the feeds. In addition it was noted that most
kinetic models for mammalian systems contain product inhibition terms and the
growth rate expression in BioPro Designer v2.7 did not let the user account for this.
(This is contrary to the manual stating that the Haldane expression accounts for
product inhibition rather than substrate inhibition). Although simple process models
were initially proposed for the tool, the conceptual framework (Chapter 3) envisaged
an open architecture where more rigorous models can be added when desirable. The
inability to access the internal mechanisms within the language of BioPro Designer
v.2.7 meant that only the vendor could make modifications to the internal
functionality; this restricted its flexibility. Another limitation of BioPro Designer
was the inability to incorporate probability distributions to represent the uncertainty
in parameter values. The final obstacle was the linkage of the outputs from the
process models in BioPro Designer and G2. Petrides (Intelligen, Inc.) indicated that
it would be possible but would require substantial effort and help from the vendors.

Having assessed the two bioprocess simulation packages, it was concluded that such
an approach did not offer the desired flexibility and that linking the outputs to G2 in
a robust and dynamic fashion may not be possible. This meant that such desired
features would only be achievable by creating new models in either a generalpurpose simulator/spreadsheet or G2®. Thus an assessment of these options was
carried out.
Assessment o f Options 2 and 3
Creating the mathematical process models in Excel/general-purpose simulator or in
G2 requires a certain level of programming skills. An assessment of the possible
capabilities such an approach could offer highlighted the issues described below.
The actual encoding of the equations in the simple process models, initially proposed
in Chapter 3, was perceived to be relatively straightforward using either the
modelling language in general-purpose simulator packages or the natural structured
G2 language. This would be followed by model verification to ensure that the
outputs were correct. General-purpose simulators offer the advantage of advanced
numerical solving techniques that are useful if more rigorous models are adopted. G2
can evaluate algebraic and first order differential equations but does not have all the
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numerical and optimisation or convergence techniques. These would have to be
created in G2. Adopting Option 2 would require buying or creating a G2 bridge to
interface with Excel or a general-purpose simulator. G2 provide one for an Excel-G2
link. It is also possible to link MATLAB to G2 although a standard interface is not
available but must be generated. This analysis indicated that the main deciding factor
between Options 2 and 3 was the level of mathematical complexity of the models
created.

Different frameworks for integrating mathematical process models with business
decisional models were proposed in this section. The relative advantages and
disadvantages of each were reviewed. Since the mathematical complexity of the
simple process models is within G2’s capabilities, Option 3 was selected for
implementation. Creating the process and logistical models all in G2 avoids the
problems of interfacing between different packages and offers the advantages of an
open architecture for future additions of features. The tool that was designed ad
implemented in ReThink is described in the next section.

4.3

T ool

o v e r v ie w

Having described the conceptual framework in Chapter 3 and selected the software
platform, the research carried out to develop the prototype tool, S im B io ph a r m a ,
based upon it is now discussed. In designing S im B io ph arm a the challenge was to
represent the declarative and procedural knowledge required in a sufficiently robust
manner, so as to enhance the efficiency, maintainability and reusability of the
application. All work was implemented in ReThink. Since the necessary building
blocks specific to biopharmaceutical manufacture are not part of the basic tool set
provided by ReThink, it was necessary to customise ReThink to model the processes
of biopharmaceutical manufacture using the G2 language. The components of the
tool built with this language possess the benefits of object-oriented design, including
the use of encapsulation, inheritance and polymorphism.

A summary of the steps to translate the framework into the software tool,
S im B iopharm a is given in Table 4.4. The mapping of the key features of the

framework into object classes was facilitated by the principles of object-oriented
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design. However, the development of the class hierarchies was

ph arm a

not so

straightforward. Instead an iterative process, guided by the requirements of the
manufacturing domain and the object-oriented principle of inheritance of attributes
and methods in hierarchies, was followed. The tool architecture therefore evolved
and was continually refined during the design and implementation cycle throughout
this research. The rapid prototyping features in G2 facilitated this approach.

Table 4.4 Steps to translate framework into the software tool Sim B iop h arm a
Component

Step

System definitions

Identify object classes for manufacturing domain
Define attributes of each class
Organize classes into class hierarchies
Define methods of each class
Create generic rules and procedures to control
simulation

User-interface

Create palettes of building blocks
Create manufacturing template

The main components of S im B iopharm a developed in ReThink are depicted in
Figure 4.1. The system definitions comprise all the declarative and procedural
knowledge for modelling manufacturing operations. The declarative knowledge
consists of all the objects, such as tasks and resources, and their class definitions
describing their properties. The procedural knowledge enables programmatic control
over an application and takes the form of procedures, methods and rules. Each of
these items contains G2 statements that can be used to obtain information about
objects and to specify actions to be executed on them. These programmatic
procedures, containing code to manipulate objects, are different to the recipe
procedures and unit procedures, described in the previous chapter. The latter referred
to tasks describing manufacturing activities.
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Some of the key features of the user interface are highlighted in the simplified
schematic in Figure 4.1. The graphical user interface depicted simplifies rapid
prototyping of specific cases since it is highly interactive and provides visualisation
of the various manufacturing levels. The user interface provides a template of the
manufacturing levels to guide the user through building their application graphically.
Palettes provide the different types of tasks and resources required to populate a
simulation model. The building blocks can be cloned from the palette and placed on
the appropriate level in the simulation model and configured. The resource pools in
the plant are specified to describe the capabilities of the plant. The task-oriented
approach adopted to represent the manufacturing process requires that the task
sequences within each recipe be generated and the resource requirements identified.
Resource requirements are expressed explicitly for each task by using objects
{resource managers) attached to the task to represent the association of a resource
from a pool to the task. Attributes of the tasks and resources are initialised through
the use of input/output tables. Whenever a simulation is run, the simulation clock
advances with the completion of each task and the simulation model is animated to
enable the user to view what is happening at any point in time. Dynamic simulation
enables temporal reasoning and makes it possible to view the tasks that are active
and track the impact on parameters over time. Examples of such time-dependent
parameters include the composition of process streams, the status of equipment, the
product mass, the number of batches completed, resource availability and utilisation.
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4.4

S y st e m

d e f in it io n s

This section describes the library of system definitions that was created to simulate
manufacturing operations in a biopharmaceutical plant. The first stage of
implementation involved mapping the declarative and procedural knowledge
identified for each level into standard object-oriented design techniques. The three
main constructs identified to specify a manufacturing process were the tasks carried
out to manufacture a biopharmaceutical, the resources available within the plant, and
the process streams that flow between material-handling tasks. Each type of
construct required descriptions at multiple levels of detail, which were represented as
objects. The objects were categorised into classes defined by a set of attributes,
which describe their properties, and methods, which characterise their functions.
These constructs have been classified into class hierarchies to allow inheritance of
common properties and behaviour. Encapsulating the common features and
behaviours of these objects into generic classes facilitates reuse of code and the
extension of knowledge representation.

4.4.1

Manufacturing task classes

The tasks describing the manufacturing operations form the core of S im B io ph a r m a .
The hierarchical views of the manufacturing activities are realised through the use of
workspaces, upon which items can be placed. Each high-level task on a workspace
can be broken down into its subtasks that are placed on the subworkspace of the task.
The manufacturing levels are therefore represented as a workspace hierarchy. This is
illustrated in Figure 4.2 where tasks representing a product-manufacture recipe and a
cleaning recipe each have an associated subworkspace with the constituent tasks that
make up the recipe procedure. Special start and end blocks are used to initiate and
terminate each task sequence.
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Product-recipe-A Detail

' a m p o u l e - 8*

PRODUCT-MANUFACTURE Detail

"inoculum grow u p '

product recipe A"

e q u ip m e n t- c le a n in g D etail
“« h a K d - la a k s - c l w an ing"

“C C D - o p ô f a to r"

" 2 0 L -te r m d n t« f -C IP -

EQU PMENT-PREPARATION Detail

equipmentcleaning

L lJ
" 2 0 0 L -te r m a n le r -C IP -

Figure 4.2 E xam ple of a w orkspace hierarchy. This shows tasks representing a
product-m anufacture recipe and an equipm ent-preparation recipe each with their
associated subw orkspaces.
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The task class hierarchy is shown in Figure 4.3 where the definitions of the tasks
have been extended from ReThink’s system-defined class of a task block. The task
blocks represent discrete events and have cost and duration attributes as well as
methods defining default behaviour. These are all inherited by the custom tasks.
When a task becomes active it calls methods to perform appropriate actions such as
cleaning or calculating stream compositions and activity costs. The class hierarchy
was developed in incremental stages, as recommended for software development.
(The quality and regulatory activities highlighted in the previous chapter are not
incorporated in the software in its current stage of development. However, the
modular and extensible nature of the tool facilitates the addition of such new
features.)

An example of di fermentation task object and its definition is shown in Figure 4.4.
The class definition acts as a common template for all fermentation activities. It
describes the common characteristics (attributes), behaviours (methods), and icon
representation of every member of ihe, fermentation class. For XhQfermentation task,
attributes are all inherited from superior classes, but a specific method is created to
determine the composition of the outlet stream. Fermentation tasks are represented
in simulation models by creating instances of the class, that appear graphically as
icons, where each attribute is given a specific value. The attribute table indicates that
information about the outlet streams, mass balance, duration and cost of the task
need to be specified. When setting the duration of the task, the user can specify the
duration to follow a particular distribution such as a random Normal distribution.
The mean duration of the task and its standard deviation must then be provided. This
feature allows variability in process durations to be captured. When the task is
activated it calls the mass balance method as well as other methods defined for the
superior classes to execute the required actions.

Regarding the mass balance inputs, the user may select different mass balance
calculation methods for the fermentation task according to the level of sophistication
desired. For example, at a certain level of detail it will be sufficient to determine the
performance of unit operations such as fermentation using process models based on
simple yield relations; whereas when more rigorous and predictive evaluations are
required, kinetic models may be selected for fermentation tasks. Each mass balance
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calculation method has an associated data table. The data table for a simple mass
balance method for fermentation is illustrated in Figure 4.4. This highlights that the
simple mass balance method is based on the mass stoichiometry and the product titre
being specified.
Examination of the hierarchical framework presented in the previous chapter (Figure
3.1) and the task class hierarchy (Figure 4.3) illustrate that the two can be distinct.
For example, the campaign manufacture and product manufacture recipe tasks are
classified separately from the remaining manufacturing operations. In addition the
biopharmaceutical manufacturing tasks are classified into material preparation and
equipment preparation steps. In both cases this was necessary to prevent tasks
inheriting inappropriate attributes and methods. The campaign manufacture task
represents the top-level activity and its attributes include a “campaign summary
table” indicating the total number of campaigns completed, cumulative product mass
supplied and cumulative product mass demand. In addition, as the tool can be used to
simulate the manufacture of products for clinical trials, the table also monitored the
number of projected market successes. The product manufacture recipe task also
contains summary statistics on the progress of the batches for each campaign. Its
attributes therefore include a “product-supply-and-demand-table” which monitor the
number of batches completed, the product supplied per batch and the product
demand per campaign.

130

BPR-CUSTOM-TASK

PRODUCTMANUFACTURE

CAMPAIGNMANUFACTURE

FERMENTATION

CONCENTRATIONMEMBRANEFILTRATION

CENTRIFUGATION
PRODUCTMANUFACTURERECIPE

MATERIALPREP ARATION

INTERMEDIATEMATERIALPREPARATION

DIAFILTRATIONCONSTANT-VOLUME
MEMBRANEFILTRATION

MANUFACTURINGOPERATIONS
MATERIALPREPARATION-HOLD

CHROMATOGRAPHY

CHEMICALTREATMENT

EQUBPMENTPREPARATION

CLEANING

CEP

STERILIZING

SIP

DEAD-ENDFILTRATION

PACKED-BEDADSORPTIONCHROMATOGRAPHY
GEL-FILTRATION

EQUILIBRATION

REGENERATION

RE-EQUILIBRATION

Figure 4.3 Class hierarchy of key manufacturing tasks. The manufacturing operations are classified as either material-preparation tasks or
equipment-preparation tasks
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Figure 4.4 Class definition and instance of fermentation task with its attribute table.
The class definition acts as a common template for all fermentation tasks and the
instance represents a specific occurrence of the task.
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4.4.1.1 Material preparation tasks
The product manufacture and intermediate material preparation tasks all share some
characteristics and behaviours as they all make material. For this reason, the superior
class, material preparation, was created to encapsulate the common information into
a single class. This minimises the use of redundant code, making the class hierarchy
easier to comprehend, extend and maintain. The subclasses have more specific
attributes to suit their function. For example, the product manufacture task block and
its subclasses have attributes needed to perform mass balance calculations.
Decoupling the mass balance data and associated calculation method from the task’s
attributes was achieved by assigning the following attributes to the product
manufacture definition: “mass-balance-method-name” and “mass-balance-datatable”. This meant that the subclasses, such diSfermentation and centrifugation, could
all inherit these attributes without any conflict. It also provided the flexibility to
select different mass balance calculation methods for these tasks, and fill in their
associated data requirements, according to the level of sophistication desired. To
monitor the steps that achieve virus clearance, the product manufacture task block
was also given the attribute “virus-clearance-data-table”, where it is possible to
specify the “log-clearance-factor”. Intermediate material preparation tasks were
given additional attributes to specify the pool-id of the material resource that was
being supplemented, and to indicate whether it was necessary to calculate the masses
of input material and utilities required. Material preparation tasks were also given
attributes to specify the name and type of outlet streams produced as a result of the
activity. Examples of stream type are “product”, “intermediate” and “waste”.

To customise the behaviour of the material preparation tasks, methods were
configured to perform certain actions. These tasks call methods to create the outlet
process streams specified by the tasks and determine their composition. The simple
process models comprising mass balances for each of the unit operations have been
coded as methods for the respective classes. The modular structure of the application
means that more complex mass balance models can easily be incorporated later. In
addition filtration and chromatography tasks had methods to calculate their
durations. It was also necessary to create a method to adjust the material resource
pool levels based on their consumption by material preparation tasks. Finally
intermediate material preparation tasks have methods to calculate the masses of
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input materials and utilities required and to increase the level of the intermediate
resource pool being produced.

4.4.1.2 Equipment preparation tasks
Equipment preparation tasks did not require specific attributes in addition to those
inherited attributes that include cost and duration tables. Modelling equipment
preparation operations, such as cleaning-in-place (CIP) operations, was achieved at a
simple level by creating a generic cleaning method for the equipment resource that
changes the status of the equipment from “dirty” to “clean”. The CIP task block has
a method that initially adjusts the equipment status to “cleaning-in-progress” and
then invokes the equipment CIP method to perform the cleaning operation on the
attached equipment. Appropriate methods were created for each of the equipment
preparation operations. This is discussed further in Section 4.4.2.1.

4.4.1.3 Turnaround block
A turnaround block was created to account for the changeover time between
campaigns. It was characterised by its duration and cost.

4.4.1.4 Start and end blocks
Each task sequence begins with a start block and terminates with an end block as
illustrated in Figure 4.2. Custom start blocks were used to reset tables. The montecarlo-simulation-source block was assigned a table with attributes to specify the
“total-simulations-required”, the “no-of-simulations-completed” and the “end-date of
simulation”. Custom end blocks were created to control the activation of multiple
batches to meet product demand, multiple campaigns within a given timeframe, and
multiple simulation runs for Monte Carlo simulation techniques. In each case custom
methods and procedures were created to check whether certain task sequences
needed to be repeated in order to satisfy certain criteria. For multiple batches, the
product-manufacture-end block was created to identify the final product stream,
calculate the product mass supplied, compare this with the demand and initiate
another batch if necessary. This block also updated the product-supply-and-demand
table. Similarly, the campaign-end block was created to determine if another
campaign could begin by checking that the current time was less than the designated
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end time of the simulation. The monte-carlo-simulation-sink block was customised
to check if further simulations were required to satisfy the total required.

4.4.1.5 Transitions
In addition to the manufacturing operations, it was necessary to create transition
steps to be places between the product-manufacture tasks. These crucial steps
between tasks were created to serve two main purposes. Firstly, for discrete event
simulation, the task duration and resource utilisations must be known before the task
is

activated.

However,

since

certain

operations

such

as filtration

and

chromatography have methods to determine the task duration and volumes of buffer
required, it was necessary to perform these calculations prior to starting these
operations. The transition steps therefore call methods to compute these values and
to set these attributes in the following task and its attached resources.

The other fundamental function of the transition steps is to schedule the ancillary
operations required between tasks. To this end the transition step has attribute tables,
to specify the ancillary operations required prior to the next operation and post the
previous operation, and methods to run the ancillary operations identified. For
example a chromatography task will require the column to be cleaned and
equilibrated before loading of the process material can begin. Following elution, the
column may require regeneration and another cleaning cycle, depending on its mode
of use. Thus the transition steps were key to achieving the necessary smooth
functionality of the tool. They provided a mechanism for communication between
the recipes and permitted the product-manufacture recipe to drive the timing of the
ancillary recipes.

4.4.2

Manufacturing resource classes

Modelling the resources that individual tasks require was achieved by defining
resource pools, which represent a set of available resources, and resource managers,
which associate a particular resource with a particular task in the simulation model.

The resources include the staff, equipment, materials and utilities required to execute
the tasks and may also be generated as a result of a task execution, as in the case of
intermediate material preparation tasks. The resource class hierarchy, depicted in
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Figure 4.5, categorises the resources. Since ReThink already has definitions of
resources, they were customised to reflect the nature of the current domain. As a
result, all the customised resources have inherited the attributes and methods of
ReThink’s resource class. The attributes include “id” and “maximum-utilisation”,
which are used to specify the availability of a resource for an activity. They also
have a cost table, where it is possible to specify the “cost-per-use” or the “cost-pertime-unit”, and a duration table which monitors the utilisation statistics of the
resource. The properties of the resources are discussed further below.

The resources were classified as renewable or non-renewable owing to their different
behaviours. Renewable resources include equipment and operators since they are
replaced in the resource pool after use. When a block begins processing, a resource
manager allocates the required resource from the pool to the block, making it
unavailable for other tasks. When the block finishes processing the resource is
deallocated, making it available again for other tasks. In contrast, materials and
utilities are consumed and generated by tasks, and are therefore classified as non
renewable resources. The special features of each type of resource and the associated
resource managers are discussed below.

4.4.2.1 Operators and equipment
Operators inherited the properties and behaviour of renewable resources and did not
require any further customisations to describe their cost and utilisation patterns. On
the other hand, special features needed to be incorporated into the tool for equipment
resources. They were given additional attributes such as “equipment-status”
(“clean”, “dirty” or “sterile”) and a custom cost table that included the attribute
“purchase-cost” to permit calculation of the capital investment and depreciation used
to compute the cost of goods. More specific attributes indicating the equipment sizes
were given to subclasses such as tank and chromatography column. Figure 4.6 shows
an example of the representation of a specific instance of di fermenter resource with
its attribute table.
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“200L-fermenter”

ATTRIBUTE TABLE

Id

45

Maximum utilization

1

Equipment status

sterile

Working Volume 1

200

Total volume 1

260

Cost table

an equipment-cost-table

Duration table

a object-duration-table

Figure 4.6 Example of the representation of a specific instance of a fermenter
resource with its attribute table. This highlights the key properties that need to be
specified for âfermenter.

The common operations for equipment were cleaning and sterilising activities. As
mentioned earlier, generic “clean” and “sterilise” methods were created for the

equipment class methods to change the status of equipment. Since objects are
arranged in a class hierarchy, subclasses of equipment, such as fermenters, inherit
this cleaning method. A key to the creation of this prototype tool was the use of
inheritance of attributes and methods in class hierarchies as demonstrated above.
This

helped

to

minimise

development

efforts

significantly.

In

addition

chromatography columns were assigned methods for column preparation activities
such as “equilibrate”, “regenerate” and “re-equilibrate”. These alter the status of
columns when invoked; to “equilibrated” for example.

The status attribute provides an additional constraint on the availability of equipment
and permits tasks to specify the equipment status they require to function. For
example, difermentation task block requiring a “sterile”

will only become

active if the fermenter resource allocated to it has the correct status. Allocation of
equipment resources was controlled by specification of the “required-initial-
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equipment-status” for each equipment-resource-manager attached to a task and a
procedure to choose a resource from the pool with the correct status.

4.4.2.2 Materials and utilities
Unlike equipment and personnel resources where the utilisation refers to their
number, for non-renewable resources the utilisation can refer to a different attribute
in each case. For example, for chemicals-and-biochemicals the utilisation refers to
the “total-volume”, whereas for a membrane-filter it refers to the “number-of-units”
and for a chromatogmphy-matrix it refers to the “matrix-volume”. To accommodate
this variability and simplify the use of the application, the attribute used to indicate
the resource utilisation should automatically be updated whenever the “maximumutilisation” of a resource is specified. This can be achieved by writing a specific rule
and method for each material resource to update the relevant attribute. However, a
more efficient approach to solving this problem is to assign material resources the
attribute “utilisation-indicator”. This permits the use of one generic rule and one
generic method for all material resources, which work together to update the
attribute named by the “utilisation-indicator”. Creating generic rules and methods
enhances the reusability of the application and avoids duplication of code. For each
material resource the user would therefore specify the “utilisation-indicator” and the
“maximum-utilisation” possible; for example, for a media resource these could be
“total-volume” and 500L respectively and the media’s “total-volume” would then be
updated automatically. In addition this approach avoids ambiguity that can result
from not knowing exactly which attribute is used to indicate the resource’s
utilisation. Consequently, this approach provides much more flexibility for
configuring individual material and utilities resources within a large application.

Material resources were classified into chemicals-and-biochemicals eg. glucose, and
equipment-related-material, eg. membrane-filter. The former was assigned a
physical state attribute, composition tables for component masses, volumes,
concentrations and mass fractions and a virus table detailing the virus titre in the
resource. Each subclass of equipment-related-material was assigned attributes to
indicate its size, eg. “area” and “number-of-units” for membrane-fi 1ters. Special
features had to be created to cope with non-renewable resource behaviour, since the
default behaviour for resources in ReThink was as renewable ones. Each time a non-
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renewable resource is used and deallocated, the level in the resource pool
(“maximum-utilisation”) needs to be adjusted appropriately depending on whether
the task consumed or generated the resource. This was achieved by defining methods
for tasks that interact with these resources, as mentioned earlier.

In biopharmaceutical facilities, consumables, such as membranes and matrices, can
be re-used for a certain lifetime or be disposed of after each batch/use. Additional
customisations were required to distinguish between these two types of uses of
equipment-related material since they impact on cost in different ways. The
equipment-related material class was given the attribute “re-use”, that could be true
or false, to indicate whether the material could be re-used in subsequent batches. In
addition it was necessary to ensure that costs of disposable materials were not
duplicated if the materials were used in multiple cycles of a step or in ancillary
activities as well as the main activity. This situation can be exemplified by
considering a chromatography operation. Here the chromatography matrix is
allocated to the chromatography task as well as initial column-preparation steps.
ReThink’s default behaviour is to cost the matrix each time it is used. However, this
is inappropriate in this case as the same lot of matrix is used each time. To
accommodate this, the equipment resource manager was given the attribute
“dispose-after-task” that could be true or false to indicate whether the material
attached to a particular task was immediately disposed of upon task completion or
used by another task before disposal. Procedures were written to ensure that the cost
of materials was incurred correctly.

The material resource managers were also customised to have the same specific
attributes as the pool resource. This enabled the mass composition of a chemicalsand-biochemicals resource manager, for example, to be calculated based on the totalvolume (utilisation) specified using a method. This made the application easier to
navigate through and provided easy access to useful information.

4.4.3

Process Streams

The process streams refer to the flows of material out of product manufacture
operations and intermediate material preparation operations. The process stream
object was given attributes to specify its type and define its composition in terms of
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the component masses, volumes, concentrations, mass fractions, and their respective
totals. In addition, the number of virus particles in the stream was monitored.

4.4.4

Cost objects

Cost tables were created for the fixed capital investment and the cost of goods. The
attributes of each table were configured to hold input and output values. For the
fixed capital investment, the input attribute assigned was the “Lang factor”, and the
output ones were the “total equipment purchase cost” and the “fixed capital
investment”. For the cost of goods table, it was necessary to specify the depreciation
period and the facility size. The outputs in the table included cost categories such as
raw materials, utilities, staff, overheads and depreciation. As mentioned earlier, each
resource was assigned a cost and the total cost of each resource updated during the
simulation. In addition the cost of each task is updated based on the resources it
consumes. Each table was assigned methods to compute the individual cost items in
the table and the total fixed capital investment and cost of goods per gram. These
methods were invoked at the end of each campaign. The cost methods, associated
with cost of goods table, compute the direct costs based on the utilisation of the
material, operator and utilities resources. The fixed facilities overhead costs are
derived from the capital investment and the processing time.

4.4.5

Representing uncertainties in parameter values

ReThink only supports the representation of probability distributions for the duration
of blocks. However, other parameter values are given single values with no option of
specifying a distribution to express the uncertainty in the parameter value. The
method proposed to handle stochastic parameters was to use discrete distributions
where each possible value of a parameter is given a probability of occurrence. This
was represented using ReThink’s branch blocks with several output paths leading to
blocks representing the different outcomes. The result looks similar to decision trees
and is depicted in Figure 4.7. A “proportion” was specified for each output path of
the branch block. Work objects flow from block to block on these directed paths,
signalling the activation of each block. The work objects flow more often onto the
output paths to which a higher “proportion” value had been assigned. In addition it
was necessary to create custom blocks to update the parameter value in the
simulation model, each time a new value was initialised.
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D E M A N D kq?"

0.015

0.045
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Figure 4.7 Using branch blocks to represent stochastic parameters. The probability
(p) of each product demand is shown alongside each path coming out of the branch
block.

In the case study presented in the next chapter, the key uncertainties were found to
be in the product demand, the product fermentation titre and the market success of
the drug candidate. Therefore, custom blocks were created to update the demand,
titre and number of marketed successes in the simulation model for each campaign.

4.4.6

Reporting

Task blocks and associated procedures were created to write the outputs of each
campaign and Monte Carlo simulation to a file that could be viewed in Microsoft
Excel. This facilitated the generation and storage of report files. The strengths of
Excel for producing graphs and performing statistical analysis of the data could then
be exploited. This was particularly useful for handling the extensive amount of data
generated from running Monte Carlo simulations.
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The object-oriented representation makes it easier to transform knowledge about a
process rapidly into a graphical model that is easy to understand and use. The user
generates simulation models of a manufacturing process by simply cloning the
customised objects (eg. fermenter resources, fermentation tasks) from palettes and
dropping them onto workspaces. The objects’ attributes are then configured for the
specific case and the task blocks connected together to create a running simulation
model.

The resultant tool,

S im B io p h a r m a ,

has the requisite basic building blocks to enable

a simulation model of a particular manufacturing process to be assembled at
increasing levels of detail. Having created all the system definitions, palettes were
created with instances of the key building blocks to facilitate “plug and play”
interaction with the user. Examples of some of the palettes are shown in Figure 4.8.

A manufacturing template was also built to guide the user through building a
simulation model of the manufacturing system under investigation. Figure 4.9
illustrates part of the template showing the workspace hierarchy as well as the
multiple resource pools and a summary of the key outputs.
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Figure 4.8 Example of palettes for equipment preparation tasks and equipment
resources. Any object on a palette can be cloned, dragged and dropped onto the
appropriate workspace.
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Figure 4.9 Example of manufacturing template showing three manufacturing levels with increasing detail (left to right), the resource pools (far
right) and the key outputs(bottom).
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Figure 4.10 Inputs to and outputs from the tool,

S im B io p h a r m a .

The key inputs are

the tasks, resources, costs and process data. The key performance measures are
yields, resource utilisation, and investment costs, operating costs and processing
times per campaign.

The key inputs to and outputs from

S im B i o p h a r m a

are discussed below and

summarised in Figure 4.10. Setting up a specific manufacturing case starts with the
specification of the resources within the plant and their capacities and costs. The
capacity specification provides the initial constraints on resource availability for use
in the manufacturing process. For consumables such as membranes, the possibility of
re-using the material in subsequent campaigns is indicated. For reagent solutions, the
component concentrations are also given, as well as the likely viral titre in biological
reagents. The task sequences are then defined for each of the recipes to make the
product, prepare the intermediates and prepare the equipment. The resource
requirements to execute the recipes are configured by allocating the resources to the
tasks and specifying their utilisation. The tool compares these resource demands
against the resource availability and schedules when resources can be used. In
addition each task requires equipment of a particular status and this must be
indicated. For consumables attached to tasks, it is necessary to distinguish whether
the resource is disposed of immediately after the task is completed or kept, say, for
another cycle or cleaning step. It is necessary to input the parameters for the mass
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balance, viral clearance and cost calculations. The scheduling of ancillary recipes
relative to activities in the product manufacture recipe is indicated in the transition
steps. Finally the product demand is specified to determine the number of batches
required per campaign. When performing Monte Carlo simulations additional inputs
include the probability distributions of the uncertain factors, the length of each
simulation and the number of simulations required.

After a particular case is set up the impact of different production strategies on the
process performance, resource utilisation (Figure 4.11) and bottlenecks, and the
resultant cost of goods can be evaluated. An example of one of the outputs of the
application is shown on the right-hand side of Figure 4.11, which shows the
combined utilisation of the media and buffer resource pools over time. The
application compares the resource demands against the resource availability and
schedules when resources can be used. These utilisation figures can be used to
compare the demands on resources under different manufacturing strategies and
detect delays due to resource constraints. In the example shown (Figure 4.11) such a
visual comparison with other cases could help to identify the strategy which is the
least material-intensive and hence the most cost-effective. For other resources, such
as operators and equipment, such figures can be used to identify strategies that
maximise resource utilisation to improve productivity and throughput. Ultimately the
advantage of such a hierarchical representation of a manufacturing process is that it
permits users to prototype a process at the required level of detail and to perform
rapidly a series of “what-if scenarios”. Consequently, users can run strategic, tactical
and operational analysis according to their goals.

The graphical representation of part of the product manufacture recipe “in action” is
shown on the left-hand side of Figure 4.11. The three main blocks represent the tasks
required during upstream processing, namely inoculum grow-up, seed fermentation
and production fermentation. The circular objects attached to each block represent
the resources allocated to it and necessary for its completion. For example, the figure
demonstrates that the inoculum-grow-up task requires media, shake flasks and an
operator. On the right-hand side of Figure 4.11 some of the multiple resource pools
are shown. In the snapshot the animated graphical icons indicate that the inoculumgrow-up task is active and the resource pools currently being used are shown in red.
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Figure 4.11

Graphical user-interface of S imB iopharma with animation,

showing part of a product manufacture recipe “in action”. The inoculum-gro\\>up task is active and the DMEM-media and ampoule-of-cells are examples of
resources being used by the task. The media and buffer utilisation profile is
shown.
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The research, programming and decisions made in order to construct a prototype
software tool, S im B iopharm a , has been presented. S im B io ph ar m a provides a
framework for modelling the operation of a biopharmaceutical manufacturing plant
at appropriate levels of detail. S im B iopharm a can describe a large number of
problems facing the industry, such as facility, process and capacity decisions. As
with any applications package, the tool can evolve as new problem features become
apparent. The object-oriented representation of the key objects, their properties and
behaviour provides full access to the base language and hence facilitates
incorporation of new or changed requirements once implementation is underway. It
also encourages the development of well-modularised applications. Its use to
assemble simulation models of specific manufacturing processes has been indicated.
This permits different production strategies to be evaluated in terms of their impact
on the process performance, resource utilisation and the cost of goods. The next
chapter therefore presents a series of case studies that analyse different
manufacturing routes with respect to their relative operational and financial benefits.
They serve to illustrate how the prototype application can be used to assess
manufacturing strategies in terms of their operational benefits and cost-effectiveness.
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CHAPTER 5

A p p l ic a t i o n

5.1

of

S i m B io p h a r m a

to

A s s e s s M a n u f a c t u r i n g S t r a t e g ie s

I n t r o d u c t io n

Managing the manufacture of biopharmaceuticals to maximise throughput and
control the cost of goods is complicated by the fact that each project is subject to
technical and market uncertainties. Interest in being able to model uncertainty in
manufacturing operations is growing since existing process simulation packages tend
only to allow deterministic point entries for parameters such as yields rather than
probability distributions. Incorporating the effects of risk analysis would help to
enhance the quality of decision-making within a company. For example, stochastic
modelling with Monte Carlo simulations can help to minimise the risk of incorrect
conclusions based on the variability in the process parameters such as yields and
drug success probabilities. This chapter uses the simulation tool, S im B io ph a r m a ,
developed and described in the previous chapter to estimate the cost, throughput and
riskiness

of

different

manufacturing

strategies

for

the

production

of

biopharmaceutical drug candidates for clinical trials.

Biopharmaceutical companies typically have a pipeline of drug candidates to
manufacture for clinical trials, but with finite resources, budget and capacity. The
decision to manufacture drug candidates in-house typically requires an investment
that is largely front-loaded, owing to the high capital costs of stainless steel
equipment. The use of disposable equipment is attractive since it allows for a lower
initial capital burden and a potentially more balanced spread of costs over a plant’s
life. This may be particularly pertinent to start-up companies where the risk of failure
during clinical trials is compounded by tight cash reserves. Disposable processing
components are becoming even more important as personalised medicines become
more common in an effort to match treatment to individual genomes. Some
companies are already using disposables for certain operations such as the
preparation of media and buffer in bags and disposing of filters after each use to
avoid cleaning validation studies. An analysis of the trade-off between the
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advantages of disposables, such as a lower initial capital investment and faster
turnaround between campaigns, and the potential disadvantages, such as increased
material demands, would allow more informed decisions to be made. Inevitably such
decisions have to be made taking account of the uncertainties in the demand for
clinical trial material, product expression levels and the performance of the
disposable equipment. This is explored further in the case study presented in this
chapter.

The remainder of this chapter is structured as follows. In Section 5.2 a brief
overview of decision-making under risk is given. In Section 5.3 the background to
the case study is described which addresses the question of whether start-up
companies should invest in a stainless steel pilot plant or use disposable equipment
for Phase I projects. In Section 5.4, a deterministic analysis of the problem is
presented. The uncertainties in the problem are then identified using a sensitivity
scouting analysis in Section 5.5. Monte Carlo simulation is then used to imitate the
randomness inherent in the problem in Section 5.6. The case is extended to explore
the impact of parametric sensitivity analysis on the key performance measures in the
final section.

5.2

D e a l in g

w it h u n c e r t a in t y

Production of material for clinical trials is a manufacturing area in which design
strategies must be evolved that pay particular attention to risk factors that may
impact cost and delivery time. The key sources of uncertainties affecting the
manufacture of biopharmaceutical candidates are technical and market-related.
Examples of such technical uncertainties include the product titre during
fermentation, the purification yield and the duration of the manufacturing tasks.
Market uncertainties can be characterised by fluctuating clinical trial demands for
material. These might arise from changes in factors such as the dose regime. Risk
assessment provides a methodology to cope with these uncertainties. In such an
assessment an estimate of the reliability of outputs is made so as to quantify the
likelihood of exceeding a specified threshold criteria eg. a cost budget.

There are numerous methods for taking uncertainty into account. Sensitivity analysis
is often employed to determine the behaviour of performance measures to ± x%
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changes in each uncertain factor and hence determine the stability of the base case.
For more complicated problems where it is possible to estimate probability functions
for uncertain factors, Monte Carlo simulation is a practical way of determining the
impact of project uncertainties. Monte Carlo simulation generates random outcomes
for probabilistic factors so as to imitate the randomness inherent in the original
problem. In this manner a solution to a rather complex problem can be inferred.
Sample outcomes are randomly generated by using the probability distribution for
each uncertain quantity and then utilised to determine a trial outcome for the model.
Repeating this sampling process a large number of times leads to a frequency
distribution of trial outcomes for a desired measure of merit. The resulting frequency
distribution can then be used to make probabilistic statements about the original
problem.

The case study presented in this chapter illustrates the use of the décision-support
tool, S im B io ph a r m a , for evaluating manufacturing strategies under uncertainty. The
case utilised the Monte Carlo simulation technique to imitate the randomness
inherent in biopharmaceutical manufacture subject to fluctuating product demands,
fermentation titres and market successes. The impact of manufacturing options on
strategic operational and financial indicators was identified. Combining risk analysis
into the evaluation facilitated better informed decision-making.

5.3

Ca se

study background

A hypothetical case study that examines the impact of fluctuations in key technical
and market factors on the cost of goods and throughput will now be presented. The
example was based on a biopharmaceutical company hoping to generate a pipeline of
antibody candidates to be manufactured for Phase I clinical trials. They designed a
process based on mammalian cell culture processes and wished to build a pilot plant
for clinical trial material production. The company was considering three alternative
manufacturing strategies that would determine the type of pilot plant they invested
in. The options were to invest in;
a) a conventional pilot plant based on stainless steel equipment,
b) a pilot plant utilising only disposable equipment,
c) a pilot plant utilising stainless steel equipment for cell culture operations
and disposable equipment for recovery and purification operations.
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Such a decision required an appropriate balance between running costs and capital
investment to be made. Increasing interest in the use of single-use disposables can be
attributed to the flexibility they offer to modulate capacity, the lower capital
expenditure required and faster start-up times (Novais et al., 2001). In addition their
use may also translate into lower operating costs since they arrive pre-sterilised with
the cleaning validation complete. The fully disposables option assumed that there
would be disposable airlift or bubble column fermenters available once the plant was
built. However, a hybrid option was also under consideration since the use of
stainless steel fermenters has been optimised for robust control of cultures, which
may not be as easy to achieve with disposable versions and hence lead to lower titres
being achieved. The company wished to estimate their annual cost of goods and
throughput, in terms of the number of campaigns, and determine the impact of key
risk factors for each case.

Antibody manufacture based on mammalian cell culture was used as the basis for the
case study. The key process assumptions were mostly derived from the analysis of
industrial antibody production processes presented in Chapter 2. The analysis
enabled generic processes to be defined and highlighted some typical values of
fermentation titres and process yields. The process used as the basis for this
hypothetical case study is depicted in Table 5.1. This provided the basis for the unit
operations within the biopharmaceutical facility. The assumptions were validated
through several discussions with industrial experts (eg. D. Sherwood, Lonza
Biologies, Slough, England). Soliciting such advice from industrialists was also vital
during data gathering on the interaction between the product manufacture steps and
the ancillary steps. Such dialogue helped realise the logistics of operations within a
typical biopharmaceutical plant. While sensible inputs were sought, the prime target
was to demonstrate the application of the tool to assess manufacturing alternatives;
hence, the actual answers were not definitive answers to questions but an illustration
of how to approach such an assessment.
The key assumptions are outlined below. The pilot plant would have a single
production train to handle the portfolio of projects for clinical trial material
preparation. It was designed assuming a typical product titre of 0.4 g/L at the 200L
scale, which would typically yield 45g of product per batch after purification. It was
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initially assumed that a typical product demand for Phase I clinical trials was 45g
and hence single batch campaigns would produce enough material to satisfy the
demand. The plant would operate seven days a week and 48 weeks a year. The
purification process was principally based on chromatographic and filtration
techniques, with specific viral clearance steps as this was found to be typical for
antibody purification (Chapter 2). The tasks in the antibody process, used as a basis
for this hypothetical case, are indicated in Table 5.1.

Initially the deterministic cases were set up and validated to ensure the outputs were
computed correctly. The inputs and outputs were then discussed with industrial
experts to validate the findings. Sensitivity analysis was then performed to identify
key influencing factors on the outputs. Probability distributions were then assigned
to these inputs; Monte Carlo simulations were run to determine the distribution of
possible outcomes for the outputs. Sensitivity scenarios were then carried out to
demonstrate the ability to perform what-if analyses and determine the ranking of
alternative strategies under different conditions. The set up and results from each
stage are described below.

5.4

I n it ia l

d e t e r m in is t ic a n a l y s is

This section describes the key features of the three manufacturing alternatives. The
input data gathered and the mapping of such process knowledge into the tool,
S im B io ph ar m a , are then indicated. Having created model representations of each

manufacturing alternative, the key outputs from the deterministic simulations are
then introduced. These performance measures provide a useful initial basis for
comparing the stainless steel, disposable and hybrid manufacturing options.

5.4.1

Setting up the deterministic cases

Key characteristics o f manufacturing alternatives
The software tool developed in Chapter 4, S im B io ph ar m a , was used to model the
three alternative strategies and compare the results. Table 5.1 summarises the key
differences in the equipment and consumables requirements for the tasks in the
product manufacture recipe. Table 5.2 indicates whether equipment used by a
particular task required CIP (cleaning-in-place), SIP (sterilising-in-place) procedures
or any column preparation operations. As indicated in Table 5.1, in the disposables-
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based pilot plant the use of costly stainless steel vessels in the cell culture stages was
avoided and replaced with disposable equivalents. For the primary recovery stage,
the centrifuge was replaced with a microfiltration rig with disposable membranes. In
the purification stages the chromatography columns were replaced with disposable
pre-packed columns. For each stage, the use of disposable equipment eliminated the
need for CIP and SIP procedures, as indicated in Table 5.2. The hybrid case utilised
stainless steel vessels in the cell culture stages and disposable equivalents further
downstream, thus requiring CIP and SIP operations upstream. In the stainless steel
case a turnaround time of four days between campaigns was assumed but in the
disposables and hybrid case, only one day was assumed.

Model setup
The models of the manufacturing operations for each case were generated using the
hierarchical template for manufacturing campaigns described in the previous chapter.
This defined each campaign in terms of its product manufacture and ancillary recipes
(Figure 4.9). The detail of the recipes was built up to form the lower levels of the
hierarchy for this case study. The manufacturing resources and tasks were cloned
from the palettes and dropped onto the appropriate workspaces in the simulation
model. Their attributes were then configured for each case by specifying the process,
logistical and cost data. The key stages are elaborated upon below.

a) Resource pools
Initially, in each case, the resource pools for the equipment, materials, utilities and
operators were populated and the key inputs initialised. An example of the graphical
representation of the equipment resources in the stainless steel case is depicted in
Figure 5.1. The key resource costs are tabulated in Table 5.3, indicating that
purchase costs were specified for equipment and unit costs for the remaining
resource categories. The cost inputs were determined from literature or vendor
sources. Additional inputs for equipment included the equipment sizes, where
appropriate, for use in mass balance calculations and whether the piece of equipment
required cleaning or sterilising. Equipment status was automatically set to be initially
dirty for re-usable equipment, as illustrated in Figure 5.1. Rigs utilising disposable
components were set to be initially clean or sterile as appropriate.
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Table 5.1 Key differences in equipment and consumable resource requirements for the three alternative pilot plants in the case study
Stainless Steel

Equipment
Disposable

Hybrid

Inoculum-grow-up

Shake flasks

-

Seed fermentation

20L fermenter

Production fermentation

Stainless Steel

Consumables
Disposable

Hybrid

Shake flasks

-

Roller bottles

-

-

20L fermenter

-

Disposable fermenter

-

200L fermenter

-

200L fermenter

-

Disposable fermenter

-

Disk-stack
centrifuge

Microfiltration rig

Microfiltration rig

-

Membrane cassettes

Membrane cassettes

Ultrafiltration rig

Ultrafiltration rig

Ultrafiltration rig

Membrane cassettes

Hollow fibre
membrane cartridges

Hollow fibre
membrane cartridges

Capture chromatography
(2 cycles)

Chromatography rig
& column

Chromatography rig

Chromatography rig

Protein A matrix

Prepacked column

Prepacked column

Viral clearance

SS virus inactivation
tank

-

-

-

Virus inactivation
bag

Virus inactivation
bag

Diafiltration rig

Diafiltration rig

Diafiltration rig

Membrane cassettes

Hollow fibre
membrane cartridges

Hollow fibre
membrane cartridges

Chromatography rig
& column

Chromatography rig

Chromatography rig

Ion-exchange matrix

Prepacked column

Prepacked column

Nanofiltration rig

Nanofiltration rig

Nanofiltration rig

Membrane capsules

Membrane capsules

Membrane capsules

Diafiltration rig

Diafiltration rig

Diafiltration rig

Membrane cassettes

Hollow fibre
membrane cartridges

Hollow fibre
membrane cartridges

Polishing chromatography
(2 cycles)

Chromatography rig
& column

Chromatography rig

Chromatography rig

Gel filtration matrix

Prepacked column

Prepacked column

Final filtration

Sterile filtration rig
& SS can

Sterile filtration rig

Sterile filtration rig

Sterilising membrane
capsules

Sterilising membrane
capsules

Sterilising membrane
capsules

Task

Clarification
Concentration

Buffer
exchange/concentration
2nd chromatography
(2 cycles)
Viral clearance
Buffer
exchange/concentration

U\
os

Table 5.2 Key differences in ancillary operations required for the stainless steel, disposable and hybrid options

Task

Cleaning
DISP

HYB
/

SS
/

Inoculum-grow-up
Seed fermentation

/

X

/

/

X

Production fermentation

/

X

/

/

Clarification

/

X

X

Concentration

/

X

Capture chromatography

/

Viral clearance

X

HYB
/

SS

Column Preparation
DISP
HYB

X

X

X

/

X

X

X

X

/

X

X

X

/

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

equilibrate,
re-equilibrate,
regenerate

equilibrate,
re-equilibrate

equilibrate,
re-equilibrate

/

X

X

/

X

X

X

X

X

Buffer exchange/concentration

/

X

X

X

X

X

X

X

X

2nd chromatography

/

X

X

X

X

X

equilibrate,
re-equilibrate,
regenerate

equilibrate,
re-equilibrate

equilibrate,
re-equilibrate

Viral clearance

/

X

X

X

X

X

X

X

X

Buffer exchange/concentration

/

X

X

X

X

X

X

X

X

Polishing chromatography

/

X

X

X

X

X

equilibrate,
re-equilibrate

equilibrate,
re-equilibrate

equilibrate,
re-equilibrate

Final filtration

/

X

X

/

X

X

X

X

X

SS= Stainless steel plant, DISP = disposable pilot plant, and HYB = hybrid plant

<1

Sterilising
DISP

SS
/

X

200L-SS-equipment>pool

200L-SS-equipment -pool”

200L-SS>equipment-pool Detail

“shake-flasks”

“affinity-chrom-rig”

dirty

dirty

“20L-fermenter”

“ion-exchange-chrom-rig”

dirty

dirty

“200L-fermenter"

“gel-chrom-rig”

dirty

dirty

“disk-stack-centrifuge”
dirty

“100L-SS-virus-inactivation-tank”
dirty

“ultrafiitration-rig”

“sterile-filtration-rig”

dirty

dirty

“diafiltration-rig-1”
dirty
“diafiltration-rig-2”

“PF-CIP-skid”

dirty
“nanofiltration-rig”

“PP-CIP-skid”

dirty

Figure 5.1 Example of the equipment items in the equipment pool for the stainless steel option. The status of each equipment is also indicated.
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Table 5.3 Cost input data for all the resources in the three alternatives
R esource

C ost

E quipm ent
Shake flasks ( 10)
20L fermenter
200L fermenter
lOOL SS virus inactivation tank

$300
$80,000
$200,000
$2,000

Disk-stack centrifuge

$60,000

Ultrafiltration rig

$60,000

Diafiltration rig

$60,000

Nanofiltration rig

$60,000

Sterile filtration rig

$15,000

Affinity chromatography rig & column

$129,500

Ion-exchange chromatography rig & column

$131,500

Gel filtration rig & column

$150,000

CIP skid

$120,000

M aterials
C on su m ables

Roller bottles

$35 /unit

20L disposable fermenter

$ 1 0 0 /L

200L disposable fermenter

$ 1 3 0 /L

1OOL virus inactivation bag
2m^ membrane cassettes
0.25m" membrane cassettes
0.22 micron cartridge filters (0.05 m^)
50nm virus reduction filter (0.05 m^)
2m^ hollow fibre cartridges
0.25m" hollow fibre cartridges

$130
$3,870 /unit
$485 /unit
$75 /unit
$ 1,000 /unit
$100 /unit
$30 /unit

Protein A Sepharose matrix

$7,500 /L

IE DEAE Sepharose matrix

$ 4 2 0 /L

Gel S300 Sephacryl matrix

$ 3 3 0 /L

C h em icals

DM EM -M edia

$ 5 /L

Buffers

$ 2 /L

S ta ff
Operator

$ 2 5 /h

U tilities
WEI
Steam
Cooling water

$1 /L
$0.05 /kg
$0.001 /L
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For consumables, such as membranes and chromatography matrices, the possibility
of re-using the material in subsequent campaigns was indicated. It was assumed that
in the stainless steel plant the cleaning validation was sufficient to permit the
materials to be re-used in subsequent campaigns; for the disposable and hybrid plants
the materials were only used for one campaign and then disposed of. For reagent
solutions, a simplification was made by assuming that all solutions arrived pre-made.
Thus it was not necessary to monitor the individual components that made up each
reagent; eg. the fermentation media was considered as one lumped component with a
concentration of 1 kg/L rather than splitting it up into its individual components such
as glucose, glutamine and water, each with their concentrations. The risk of viral
contamination was possible from the cell line or biological reagents. The media was
therefore assumed to have an initial viral titre of 10^ virus units/L (ICH, 1997).

b) Task sequences
The task sequences for each of the recipes were then defined. This involved the
product manufacture recipe and the equipment preparation recipes (cleaning,
sterilising and column preparation). In each case it was assumed that media and
buffer arrive pre-made and pre-sterilised and hence no media/buffer preparation
recipes were set up. Examples of the graphical representation of part of the productmanufacture recipe and column-preparation recipes for the stainless steel case are
illustrated in Figures 5.2 and 5.3 respectively. For the product-manufacture recipe,
extra task blocks were included to initialise the risk parameters, update the cost of
goods after each campaign and write the outputs to a file (Figure 5.2). The detail of
the tasks and resources in the first round of purification are indicated. The role of the
resource managers attached to each task block is elaborated upon below.

c) Resource requirements
Resources were allocated to each task using resource managers as indicated in the
“purification-1 detail” in Figure 5.2 and the “column-equilibration detail” in Figure
5.3. Their utilisation was specified to reflect the demands of each task. For
equipment resource managers attached to tasks, it was necessary to specify the
required equipment status for the task in the recipe to proceed. For example,
fermentation tasks required ‘sterile’ fermenters, while CIP tasks required ‘dirty’
equipment. The status of equipment in the pool is automatically adjusted after it is
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released by an activity in a recipe. For consumables attached to tasks it was also
necessary to specify whether the material was disposed after the task or not. This
was to ensure that resources were costed appropriately; for example disposable
components such as chromatography matrices are used in ancillary activities, such as
equilibration steps, as well as product manufacture steps from loading to elution
before they are disposed of.

d) Scheduling
To ensure correct co-ordination between the main product manufacture recipe and
the ancillary recipes, the ancillary operations required prior to and post each task in
the main recipe were specified in the transition steps. For example, cleaning and
sterilisation recipes were necessary before and after each fermentation task. The
scheduling of activities was further controlled by the status of equipment in the
resource pool; tasks were only activated when the required equipment was available
and with a certain status.

e) Mass balance and duration inputs
Estimates of the equipment sizes and task durations were made based on literature
sources and simple calculations and then verified by detailed discussion with
industrial experts. Some of the key inputs for the mass balance calculations are
indicated in Table 5.4. The mass balance method in each task was used to calculate
the mass of each component in the output streams and the duration of tasks that were
dependent on the equipment size and volume of material to be processed. The
product demand for each campaign supplying a Phase I clinical trial was initially
assumed to be 45g. During the simulation, if the final product mass at the end of
each batch did not meet the product demand, another batch was automatically
triggered until the demand was satisfied; once this was achieved a new project and
campaign was initiated.

f) Additional cost inputs
As described in the previous chapter the method for calculating the fixed capital
investment required was based on multiplying the total equipment purchase cost by a
factor, traditionally termed the Lang factor. Industrial experts suggested that this
factor ranged from 4-8 for the biopharmaceutical industry. For the stainless steel
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case a factor of 7 was assumed. For the disposables and hybrid case, the capital
investment was calculated based on a model proposed by Novais et al (2001). The
authors made a direct comparison of the costs associated with a conventional and a
disposables plant and then related that back to the conventional case. Thus it was
possible to estimate the cost of a disposables plant based on the equivalent
equipment cost in a conventional plant. The multiplying factor suggested for a
disposables plant was 4. For the hybrid case a value of 5 was used, based on the ratio
of stainless steel to disposable equipment. Since the cost of the disposables and
hybrid options was calculated based on the total equipment purchase cost of the
stainless steel case, it was necessary to set up an equivalent stainless steel equipment
pool to determine the conventional cost used in the derivation. Thus it was not
necessary to cost the equipment units in the hybrid and disposables cases explicitly.
For the cost of goods calculation a depreciation period of 10 years was assumed and
the facility size was assumed to be 1500m^.

In this case study the start-up time for plant construction and equipment installation
was not incorporated in the models. The study focuses on simulating the
manufacture of batches of product. Initially a deterministic comparison was made
before introducing uncertainty into the models. The three scenarios were run
independently and the results compared at the end of the simulations. The
performance metrics used to compare the three manufacturing options were the
annual number of projects completed, the annual cost of goods and the demand on
resources. In each case the mass balance models for the unit operations in the
product recipe generated the same overall product yield.
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PRODUCTM ANUFACTURE Detail

PRODUCT-MANUFACTUREVIA-200L-SS-PRODUCTRECIPE Detail

200L-SS-PRODUCTRECIPE Detail

PURIFICATIO N-! Detail

"affinity-chrom-rig"

"product-manufacture-vla200L-SS-product-reclpe’'

"Protein-A-Sepharose-matnx"
"Prolein-A-equilibn-wash-buffer'
"Prolein-A-elul ion-buff er
"PP-operator"

"start'

“caDture-chromatoqraphv’’
cycle-1

"risk-parameter-intiallsatlon”

"cell-culture"

‘capture-chromatography”
cycle-2

"Prof ein-A-equilibn wash-buff er"
"Protein-A-elulion-bufter"
"PP-operator"

“200L-SS-product -recipe"

"recovery"

"viral clearance"

"100L-SS-virus-inactivation-fanl(
"low-pH-solutiori

"campaign-start”

'affinity-chrom-rig"
"Protein-A-Sepfiarose-matrix"

"PP-operator"

‘update-economics"

"purification-1”

‘campaign-turnaround"

“purification-2’

“write-campaign-outputs”

"purification-3"

“campaign-end"

"end”

“buffer-exchange"

"diafiltralion-ng"
"diafiflration-buffer"
"2m' cassettes"
"PP-operator"

Figure 5.2 Example of graphical representation of recipes for the stainless steel case. The detail of the tasks and resources required in the first
ON
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round of purification are shown.

KQIUPMENTPREPARATION Detail

COLUMN-EQUILIBRATION
Detail

“affinily-chrom-column-equilibration”
“column-equilibration”

\
“column-regeneration” I Q I

\

\

“atfinily-chrom-rig"
“Protein-A-equillbn-wasti-buKer''
"Protein-A-Sepharose-malrix"
"PP-operator

“column-re-equilibration"

“equipment-cleaning"

D

«
“ion-exctiange-chrom-column-equilibration"

"equipment-sterilising"

"ion-exchange-chrom-rig"
lon-exchange-equilibn-wash-butter'
"lE-DEAE-Sepharose-matrix"
"PP-operator

“gel-chrom-column-equilibration"

m

"gel-chrom-rig"
■gel-elution-buff a r
"gel-S300-Sephacryl-malrix"
“PP-operator

Figure 5.3 Example of graphical representation of equipment-preparation recipes for the stainless steel case. The detail of the tasks and

2

resources required for column-equilibration are shown.
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Table 5.4 Sample mass balance input data
Product
manufacture
task
Fermentation

Centrifugation

Ultrafiltration

Affinity
chromatography

Input variable

Input value

Mass-stoichiometry-table

Media: -1.5;
Cells:!; Antibody: 0.5;
Others: G

Limiting-substrate

DMEM-media

Reference-component

Antibody

Final-concentration-of-reference-component-gper-1

0.5

Solids-component-in-feed

Cells

Solids-carry-over-fraction

0.002

Solids-volume-ffaction-in-sediment

0.1

Calculation-mode

Process-time-per-cycle

Flux-l-per-m2-per-h

20

No-of-cycles

1

Concentration-factor

10

Process-time-per-cycle-h

-

Rejection-coefficients

Media: 0; Cells: 1;
Antibody: 1; Others: 0

Dynamic-binding-capacity-g-per-1

20

Function

Bind product

Linear-flowrates-cm-per-h

LI50, W150, E75

No-of-column-volumes

W 1 0 .E 5

Elution-mode

Isocratic

Product-stream-column-volumes

4

Yield-fraction

Media: 0; Cells: 0;
Antibody: 0.9; Others: 0
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Deterministic results and discussion

The annual project throughput is a key metric in early clinical trials as companies
wish to push as many projects through the facility as possible, since proof of concept
in the clinic and rapid identification of promising candidates are viewed as key
drivers. The tool predicted that the disposable and hybrid pilot plants would be able
to achieve higher throughputs of 8 and 7 projects respectively, as opposed to 6
projects in the conventional stainless steel case. This can be attributed to the lack or
reduction in cleaning and sterilising operations and the faster turnaround times
between campaigns.

From the tool, it is possible to view the operating costs on a category basis such as
materials, utilities, staff, fixed overheads and depreciation charges. The cost outputs
generated by the tool on a cost category basis are shown in Figure 5.4 for a stainless
steel, a disposables-based and a hybrid pilot plant. The graph shows the cost of
goods per gram in the first year of operation relative to the stainless steel case.
Comparing the total annual cost of goods per gram for the three cases, the
disposables and hybrid plants are seen to offer significant reductions (30% and 19%
respectively) in operating costs relative to the conventional stainless steel case. This
is due to the higher number of projects completed relative to the conventional case,
hence increasing the annual gram output, as well as associated drops in certain cost
categories. Examining the stainless steel case indicates that the COG/g is dominated
by the fixed overhead costs (maintenance, local tax, insurance and general utilities)
and depreciation charges, which represent 67% of the cost. These costs are
proportional to the capital investment required which is highest in the stainless steel
case. In contrast, in the disposables and hybrid cases these fixed costs fall by at least
a third of the conventional value.

The staff and utilities costs are lower in the disposables and hybrid cases owing to
the fewer number of ancillary operations such as cleaning and sterilising equipment.
For the first year’s operation, the annual material costs double when a switch from a
conventional plant to a disposables or hybrid plant is made. Here the stainless steel
case benefits from lower annual material costs as it was assumed that each
manufacturing campaign for a new drug candidate would not require the purchase of
new consumables, such as chromatography matrices. In this hypothetical case, the
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increase in materials costs is not larger when disposables are used since the
chemicals cost per batch is significantly lower owing to fewer ancillary operations.
In addition cheap disposable hollow fibre membranes were utilised for diafiltration
operations, rather than conventional membranes which can be an order of magnitude
more expensive.

Figure 5.5 shows the direct cost of goods per gram for each of the manufacturing
tasks for a pipeline of projects that were completed within the first year of plant
operation. This reflects the cost of the direct materials, utilities and staff allocated to
each task, thereby providing the capability to view where these resource costs are
concentrated. The figure does not include the indirect expenses for resources,
overheads and depreciation. In this hypothetical case, the cleaning-in-place (CIP)
procedures in the stainless steel case and the capture chromatography steps in the
disposable and hybrid cases consume the most resources, and are hence the most
expensive. The fact that cleaning operations present such a cost burden in
conventional plants may not have been transparent before such an analysis and
indicates a particular virtue of this form of modelling.

100 %

80%

R elative
cost
per gram

60%

ü D ep recia tio n
□ Facility o v e r h e a d s
□ Staff

40%

■ M aterials & D irect u tilities

20 %

SS

DISP

HYB

Figure 5.4 Annual cost of goods per gram (COG/g) on a cost category basis for the
stainless steel (SS) pilot plant, the disposables-based (DISP) pilot plant, and hybrid
(HYB) pilot plant, each assumed to produce the same yield per batch. The costs are
relative to the baseline stainless steel case.

167

Annual direct
c o s t p er gram ($/g)

DSP

Figure 5.5 Annual direct cost of goods per gram (COG/g) on a task basis for the stainless steel (SS) pilot plant, the disposables-based (DISP)
pilot plant, and hybrid (HYB) pilot plant, each assumed to produce the same yield per batch. The most expensive tasks are the GIF’s in the
stainless steel case and the capture chromatography steps in the disposable and hybrid plants.
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The use of disposable equipment eliminates the need for cleaning and sterilising
operations and hence these costs are reduced in the disposable and hybrid cases.
However, the cost balance tips towards the costs for chromatography steps. Here the
major contributor to the cost is the Protein A matrix which tends to distort the cost
distribution. This implies that the process development team must have good
processing reasons to defend the use of such an expensive step in a disposable
manner.

The above analysis highlights the benefits of presenting costs on a task basis to help
focus cost reduction efforts on specific tasks to obtain a more balanced distribution
of costs.

From Figure 5.5, it is apparent that the disposable and hybrid options have
significantly higher direct costs than the stainless steel case, owing to the higher
material demands. However, examination of the balance between direct and indirect
costs reveals that the indirect costs represent 52-67% of the total annual operating
costs. Since the indirect costs are proportional to the capital investment, the stainless
steel case has significantly higher indirect costs and hence higher overall operating
costs as illustrated earlier in Figure 5.4.

The tool also generates utilisation curves for the resources. Figures 5.6 a, b and c
show the combined media and buffer utilisation over time for each pilot plant for
both the product manufacture recipe and the equipment preparation recipes (CIP,
SIP). Here media refers to fermentation media and buffer refers to the solutions used
during the equilibration, wash and elution stages of chromatography and to the CIP
solutions. The figures highlight the greater demand on buffer in a stainless steel pilot
plant that can be attributed to the need for CIP procedures in addition to the tasks
involved in the product manufacture recipe. A simplification for the case study was
that media and buffer arrived ready-made to each plant. This is certainly appropriate
for the disposables-based plant since they could arrive pre-sterilised in bags ready for
use. However, in a stainless steel plant, it is more likely that these materials would be
prepared in-house. Consequently, the utilisation curves indicate that more media and
buffer preparation steps are required in a stainless steel plant. This would further
accentuate the differences in cost of goods between the cases.
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a)
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utilisation (L)
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0
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b)
750 r
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0.

0.0
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Time (weeks)

c)
750

Hybrid
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utilisation (L)

500
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0
0.0
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16.0
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Figures 5.6 a, b and c Combined utilization of media and buffer over time for (a)
the stainless steel pilot plant, (b) the disposables-based pilot plant and (c) the hybrid
pilot plant. The peaks in the stainless steel plant correspond to the high buffer
demands in cleaning-in-place (CIP) steps, which are absent in the disposables-based
plant and reduced in the hybrid plant.
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A final feature that was considered was the utilisation of operator resources. An
example of the demand on all the operators in the stainless steel plant is illustrated in
Figure 5.7. The customised “current-utilisation” curve for the operator resources
highlights the level of peak demands and when they occur. Examination of this curve
indicates that, typically, a maximum of 6 operators is used at any time in the process
but that the demand for operators is intermittent. The “average utilisation” of all the
operators was also probed. This measures the total amount of time that a resource is
allocated to a task, compared to the duration of the manufacturing campaign. The
average utilisation for this scenario was 1.2 operators. This low value can be
attributed to the significant duration of the inoculum-grow-up stage, which is not
labour-intensive and hence has a low operator utilisation to reflect this.

Operator
utilisation

0.0

4.0

8.0

12.0

16.0

20.0

Tim e ( w e e k s )

Figure 5.7 “Current-utilisation” of operators over time for the stainless steel pilot
plant.

Such utilisation data would enable a company to determine the appropriate resource
pool (operators) suitable for carrying out the manufacturing tasks efficiently.
Alternatively the current utilisation data allows the company to identify periods
during manufacturing when an operator resource is under-utilised and can be freed
up for other tasks. The utilisation metrics therefore provide insight into how
efficiently the process is using the operators and can help prompt reorganisation of
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resources and tasks to maximise resource utilisation so as to improve throughput and
productivity. It is recognised that not all operators would be trained to do all tasks;
eg. in this case the upstream tasks could only select operators from the operator pool
named “production-fermentation-operators” and the downstream tasks from the pool
“production-purification-operators”. However cross-training of operators could also
be modelled to allow multi-tasking if necessary; it would be possible to group the
operators under different categories sueh that each task would draw resources from
the appropriate pool identified by the resource managers attached to each task.

5.5

I d e n t if ic a t io n

o f k e y u n c e r t a in t ie s

Although certain valuable conclusions can be made from a deterministic analysis,
one cannot answer questions such as the likelihood of exceeding a baseline cost
estimate or of not achieving the desired project throughput. Using ranges of values
with their likely probabilities to describe future possibilities rather than relying upon
single-point forecasts enhances the credibility of the analysis by avoiding false
precision. Stochastic modelling with the Monte Carlo simulation technique was used
to eapture the degree of variability in the key influencing factors. To incorporate risk
in the analysis, it was initially necessary to identify the variables that have the
greatest impact on the annual cost of goods per gram and project throughput.

Table 5.5 Sensitivity analysis scouting data
Value
Variable
Worst

Base

Best

Fermentation titre (g/L)

0.1

0.4

0.7

Overall downstream yield (%)

50

57

70

0.075

0.045

0.015

8

7

4

-k25%

-

-25%

35

25

15

WFI cost ($/L)

5

1

0.1

Turnaround time (days)

7

4

1

Phase I clinical product demand (kg)
Fixed capital multiplication factor
Materials costs (%change)
Operator wage ($/h)
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Sensitivity analysis was used to identify the key uncertainties in the model. To
examine which variables have the most influence on the annual cost of goods per
gram and project throughput, a rough estimate of the expected high and low values
for the variables in the model were made for the stainless steel case. Certain
variables, such as the individual costs of raw materials and the downstream yields
were aggregated, to determine their influence on the key performance measures. The
cost and performance input variables examined with their ‘worst’ and ‘best’ values
are shown in Table 5.5. A one-way sensitivity analysis was carried out for the worst
and best scenarios for each of the input variables listed in Table 5.5. For each input
variable, the possible range in annual COG/g and annual project throughput values
was calculated, assuming all other variables remain fixed at the baseline value. The
results of the sensitivity analysis for the stainless steel facility are displayed in the
tornado diagrams in Figures 5.8 a and b. This allows for rapid visualisation of the
inputs that are most significant, identified by the longer bars at the top of the plots.

The tornado diagrams indicate that the project throughput is most sensitive to the
fermentation titre, followed by the product demand for each Phase I clinical trial and
the overall downstream yield. The critical driver affecting the annual COG/g was
found also to be the fermentation titre. It is interesting to note that the degree of
uncertainty in the resource costs has relatively minor impact on the outputs. The risk
in fermentation product titre and the product demand was then considered in more
detail. An additional uncertainty considered was the expected market success of the
drug candidate from Phase I to launch. This was to gauge the number of drug
successes from each year’s development work.
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Figures 5.8 a and b Tornado diagrams showing the sensitivity of a) the project
throughput and b) the annual cost of goods per gram to input variables in the
stainless steel plant. The vertical axis intersects the horizontal axis at the base case
value in each diagram.
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This section identifies the likely range of values for the key uncertainties and
describes how they were incorporated into the simulation models. The outputs are
depicted and an illustration of how such results from Monte Carlo simulations can be
interpreted is provided.

5.6.1

Monte Carlo setup

Table 5.6 specifies the key uncertainties considered, together with estimates of their
discrete probability distributions. These values were determined from literature
sources and through discussions with industrial experts (eg. D. Sherwood, Lonza
Biologies, Slough, England).

Table 5.6 Key risk factors and their probability distributions
Risk factor

Possible values

Probability

Product titre

0.10 g/L

0.1

0.25 g/L

0.2

0.40 g/L

0.4

0.55 g/L

0.2

0.70 g/L

0.1

15g

0.1

30g

0.2

45g

0.4

60g

0.2

75g

0.1

true

0.25

false

0.75

Product demand

Market success

The titre defines the grams of product expressed per litre of fermentation broth and
significantly influences the manufacturing costs as it determines the number of
batches required to satisfy the product demand. Typical antibody titres in batch
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cultures are 0.1-0.5g/L (Walsh, 1998). However, higher antibody titres in the order
of 1-3 grams per litre have been reported using fed-batch cultures of mammalian
cells (Birch, et a l, 1995; Bibila & Robinson, 1995; Xie & Wang, 1996). Six
representative titres were therefore selected to represent typical titres at Phase I
clinical trials, considering that titres in the order of grams per litre were unlikely at
this stage since they require optimisation of feeding strategies which may not be a
priority at such an early stage of development. The titres were assumed to follow a
discrete normal distribution as indicated in Table 5.6.

Demands for Phase I clinical trials vary from milligram quantities to tens of grams
(Walsh, 1998) depending on the cumulative dose of the drug and the number of
patients in the trial. The amount of product that needs to be manufactured must take
account of both kinds of use that will be made of the drug candidate. Non-clinical
usage addresses quality control and validation issues, such as the need for in-process
samples, release and stability samples, and retain samples. Projections of
investigational product requirements can be made assuming a 25-300% excess over
the actual subject usage is necessary for non-clinical uses (Bernstein & Hamrell,
2000). The values selected for the manufacturing product demands were assumed to
follow a discrete normal distribution.

The likelihood of a drug candidate never breaching the market is also considered
owing to the high risk of failure in clinical trials. Sofer & Hagel (1997) and Breggar
(1996) commented that only 23% of drugs entering clinical trials became marketed
drugs. Other authors have provided slightly more optimistic success rates from Phase
I to launch of 34% (Mackler & Gamerman, 1996) and 67% (Struck, 1994). For this
analysis the probability of market success was assumed to be 25%. However, more
recent data suggest that the success rates for biopharmaceuticals are possibly much
lower, eg. Avgerinos (1999) suggests a typical value of 15%. As mentioned earlier,
the primary aim of this study was to demonstrate the functionality of the approach
designed in this thesis and implemented in

S im B i o p h a r m a .

Hence, the actual value

used for market success probability is not of critical concern. Assuming an
appropriate order of magnitude estimate provides the basis for a hypothetical case
focusing on how to map manufacturing data into a simulation model and interpret
the simulation results.
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Having identified the major technical and commercial uncertainties to be
incorporated into the analysis, the models set up in the prototype tool were then
modified to capture these and perform stochastic modelling using Monte Carlo
simulations. Additional inputs included the probability distributions of the uncertain
factors (Table 5.6), the length of each simulation and the number of simulations
required to reach convergence in the output distributions. The probability
distributions were captured using branch blocks, as described in Chapter 4 (eg.
Figure 4.7). This resembled a decision tree approach to representing the possible
values for each uncertain parameter. The risk parameter initialisation block
indicated in Figure 5.2 contained these branch blocks on its subworkspace and
ensured that a fermentation titre and product demand were randomly selected prior to
commencing a manufacturing campaign. At the end of each campaign the success of
the candidate in reaching the market was predicted in the detail of the block labelled
“update-economics” (Figure 5.2). The Monte Carlo simulation technique was used to
run several simulations and hence determine the resulting frequency distributions of
the output summary measures. This enabled the investment options to be assessed
based on both the expected outputs and their associated risks.

Each run simulated 48 weeks and the key performance measures were the number of
project campaigns pushed through the plant, the number of drug candidates that
reached the market and the cost of goods per gram. Having validated the results of a
single simulation in the deterministic analysis, 300 simulation runs were performed
to characterise the variability in the performance measures due to uncertainties in the
product demand, titre and market success for each case. To determine the number of
simulation runs required to reach convergence, running averages of the results were
monitored until they levelled off. Frequency distributions of the performance
measures were generated and various statistics computed to aid the decision-making
process. The following discussion highlights possible analyses that can be performed
in order to manipulate and interpret the data from the Monte Carlo simulations and to
evaluate manufacturing options.
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Base Monte Carlo simulation results

Stainless Steel Monte Carlo simulation results
The results of the baseline stainless steel case and alternative process configurations
were obtained and compared. In this section, an overview of the frequency
distribution results for the stainless steel case will initially be given. The tool outputs
will then be used to examine the relative merits of the three alternatives.

From the deterministic results for the stainless steel case, the company may assume
that the typical number of campaigns they can push through their facility in a year is
six. However, accounting for uncertainties in demand and titre yields the frequency
distribution and cumulative frequency curve shown in Figure 5.9a. The figure
illustrates that the modal throughput is five campaigns but the median value is four.
In addition it can be seen that the probability of achieving a throughput of fewer than
six campaigns is 96%. This highlights the danger of using deterministic outputs for
decision-making in processes that are inherently random.

Examination of the frequency distributions for the number of products that reach the
market, shown in Figure 5.9b, can help to determine whether attempts to improve the
throughput are necessary. The data in Figure 5.9b indicates that the probability of
getting greater than a single product to market is only 27% and that the maximum
number of product successes is only four, although highly unlikely (<5 %). To assure
the probability that each year’s development efforts yield at least two market
successes, the company’s minimum throughput will need to be eight campaigns.
Since the current setup only permits the completion of a maximum of 6 projects, the
company may consider investigating routes to improve the project throughput. A
possible solution would be to use disposable equipment since this can help to
minimise turnaround time and eliminate ancillary operations. The impact of this
option is explored in the next sub-section. Alternatively the company could examine
the trade-off between increased process development efforts to increase the titres and
the associated cost and time penalties. Other options include determining the cost
benefit of increasing the capacity of the plant. Alternatively criteria may be chosen to
decide when project rejection or termination is desired. For example, if a drug
candidate has a low titre but a high demand, a company may decide that the time
penalty to supply the drug is significant. In response it may create a policy to reject
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such candidates in favour of ones with shorter processing times to meet demands. As
mentioned earlier, more recently experts have commented that market success froin
Phase I is more likely to be 12 -15% rather than 25%. This implies that even higher
throughputs should be sought to assure at least one product introduction per year is
realised.
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Figures 5.9 a and b Frequency distribution and cumulative frequency curve for a)
the annual throughput of Phase 1 manufacturing projects and b) the annual number
of completed Phase 1 projects expected to reach the market in the stainless steel pilot
plant.
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The cost outputs generated by the Monte Carlo simulation technique are depicted in
Figure 5.10. These highlight that, although the frequency distribution is slightly
positively skewed, there exists a wide range of possible outcomes for the cost of
goods per gram. These outputs draw attention to the need to reduce the variance in
the cost of goods per gram. Such results can also be used to determine the likelihood
of exceeding a particular cost of goods per gram. The threshold value may be
dictated by the present R&D budget in the company or by considering the future
worth or profitability of the company. Once again the cost results reinforce the
limitations of using single-point forecasts; there is a 37% chance of overrunning the
initial projected cost derived from the deterministic analysis, indicated by the solid
column.

The above analysis for the stainless steel case served to rationalise the data generated
by the Monte Carlo simulations and draw some general conclusions. An example of
how to use the simulations outputs generated by the tool to compare the three
alternatives is given below.

—1 100%

40% %
20% Ü

4.000

12,000

16,000

20,000

24,000

28,000

32,000

36,000

40,000

Annual co st of go o d s per gram ($/g)

Figure 5.10 Frequency distribution and cumulative frequency curve for the annual
cost of goods per gram for the stainless steel pilot plant. The solid column indicates
the deterministic estimate of the cost.
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Comparison o f Monte Carlo simulation results
The key statistics for each performance measure were calculated and the expected
values of each performance measure, as well as the standard deviation are shown in
Table 5.7. For the disposable and hybrid options a noticeable improvement in all
performance measures can be seen compared to the baseline stainless steel case. The
differences between the outputs for the disposable and hybrid pilot plants relative to
the baseline stainless steel case were checked for statistical significance using t-tests.
Table 5.7 also shows the t-statistics associated with each alternative relative to the
base case. All t-statistics have an absolute value greater than 1.64 at the 5% level
(one-tailed test) and are hence statistically significant.

Table 5.7

Expected values and standard deviations for the key performance

measures in the original Monte Carlo comparison of the three pilot plants
Value
Performance
measure

Project
throughput

Statistic
Stainless
steel

Disposable

Hybrid

Mean

4.0

4.8

4.8

Standard deviation

1.2

1.4

1.4

N/A

-7.94

-7.94

Mean

1.0

1.1

1.2

Standard deviation

0.9

1.0

1.00

t-statistic^

N/A

-1.68

-2.20

Mean

13,000

9,200

10,600

Standard deviation

6,200

3,600

3,800

t-statistic^

N/A

9.04

3.55

t-statistic“

Market
success

Cost of goods
per gram
($/g)‘’

greater than 1.645 is considered significant at the 5% level.
’ The COG/g outputs in this hypothetical case were for an average annual output o f 0.25-0.30kg.
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The simulation results can be interpreted in several ways to aid the decision-making
process and the ranking of the alternatives. The performance measures may show
conflicting results and the company may develop a strategy to reflect their
preferences. For example, during early phase clinical trials, the project throughput is
a key priority and the company may be willing to tolerate only a 33% chance of
failing to complete at least four projects a year. The options that fit this criterion can
then be ranked based on their expected COG/g.

Table 5.8 summarises the results of such an analysis. In this case, all three
alternatives meet the throughput criterion but the disposable option offers the lowest
likelihood of failing to meet the target and hence allows for more projects to go
through the facility. To compare the COG/g for the alternatives, it is useful to
consider both the expected cost and the associated risk, indicated by the standard
deviation. This is illustrated in Figure 5.11. The options with the lowest expected
cost and risk are of course preferred. It is apparent that the stainless steel option is
inferior to the other two options, because of its higher expected cost and larger
standard deviation. This indicates that the COG/g outcomes for the stainless steel
case are higher and more disperse, hence harbouring more risk. The choice between
the disposable and hybrid options is trickier since the results are close, although the
disposable plant offers a slight edge. Such a decision may rest on non-quantitative
factors not considered thus far. This is explored further using a multi-attribute
decision-making technique in the next chapter (Ch 6).

Table 5.8 Summary of the key results for the base case Monte Carlo analysis of the
three alternative strategies.

Scenario

Ranking criteria

Base case

p(Failing to com plete at least 4 projects annually)

p(No Annual Market Successes )

Expected Annual COG/g"

Ranking order
(best first)
DISP

HYB

SS

/8%

27%

HYB

DISP

SS

27%

37%

35%

DISP

HYB

SS

^9,200/^

$ 1 0 ,6 0 0 /g

373,000/^

‘ The COG/g outputs in this hypothetical case were for an average annual output o f 0.25-0.30kg.
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Figure 5.11 Plot of the risk versus the expected cost per gram for each pilot plant.
The disposable option is the most favourable here since it has the lowest expected
cost and associated risk. The risk refers to the standard deviation of the cost
distributions.

5.7

P a r a m e t r ic

s e n s it iv it y sc e n a r io s

To support the decision-making objectives of the model, it is often very valuable to
conduct sensitivity analyses of meaningful scenarios in order to gain further insight
into relevant risks. This section describes examples of sensitivity scenarios and their
impact on the key performance measures and ranking of manufacturing alternatives.

5.7.1 Setting up of sensitivity scenarios
The following possible scenarios were envisaged and the tool used to determine their
impact on the key performance measures and the ranking of the three alternatives.

a) Disposable fermenters cannot attain the same titre levels
The first scenario considers the possibility that it will not be possible to achieve the
same titre levels in disposable fermenters compared to conventional designs. This is
possible since the use of airlift/bubble column fermenters in a disposable fashion are
still in development at present and, unlike the stainless steel systems, they have not
been fully optimised and tested. In this case the distribution of possible titres was
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shifted down so that the most likely titre was 250mg/L (rather than 400mg/L) and
the maximum titre possible was 550mg/L (rather than 700mg/L). These changes are
summarised in Table 5.9.

Table 5.9 Summary of changes to inputs for sensitivity scenario “a” ^
Risk factor

Possible values

Probability

Product titre

0.10 g/L

0.1

0.25 g/L

0.5

0.40 g/L

0.3

0.55 g/L

0.1

0.70 g/L

0.0

Disposable fermenters cannot attain same titre levels as stainless steel fermenters

b) Simpler downstream processing and cheaper downstream disposables
become available
The second scenario looks at how the alternatives compare if process development
efforts are made to simplify the downstream processing. At present the downstream
process consists of three chromatography steps with intermediate diafiltration steps.
It is now proposed that a dilution step replaces the first diafiltration step to achieve
the desired conditioning. This avoids the use of costly ultrafiltration rigs and
substitutes it with much simpler technology. There has also been a trend in the
biopharmaceutical industry to replace the final polishing chromatography step with
an ultrafiltration step that concentrates and diafilters the batch (Kurnik et al., 1995).
The implications of such changes are investigated. In addition it is suspected that
cheaper disposable matrices and filters will become available for use in the
disposable and hybrid pilot plants. However, it is suspected that this will be
accompanied by a drop in the downstream yield as the disposable alternatives may
be intrinsically less efficient. In this case, the following further modifications were
made to the disposable and hybrid models. A 50% reduction in the cost of the
Protein A and ion-exchange disposable columns was assumed and the microfiltration
cassettes used for initial clarification were replaced with cheap hollow fibre
cartridges. The step yields were altered resulting in an overall drop in yield from
67% to 40%. These changes are summarised in Table 5.10.
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Table 5.10 Summary of changes to inputs for sensitivity scenario “b” “
Base case

Scenario “b”

TASK CHANGES
buffer-exchange/ concentration;
diafiltration

buffer-exchange/ concentration:
dilution (in existing tank for virus
inactivation)

Polishing step: gel chromatography

Polishing step: existing diafiltration step

2 XCIP diafiltration rig

1 XCIP diafiltration rig

1 XCIP gel chromatography rig

No CIP gel chromatography rig

Column prep, tasks for gel
chromatography

No column prep, tasks for gel
chromatography

COST CHANGES
ME*’ cassettes: $3870/unit

ME*’ hollow-fibre cartridges: $ 100/unit

Protein A matrix: $7500/L

Protein A matrix: $3750/L

Ion-exchange matrix: $420/L

Ion-exchange matrix: $210/L

YIELD CHANGES
MF*^ Antibody rejection coefficient: 0

MF*’ Antibody rejection coefficient: 0.25

UF'^ Antibody rejection coefficient: 1

UF*’ Antibody rejection coefficient: 0.97

Affinity chromatography yield: 0.90

Affinity chromatography yield: 0.85

Ion-exchange chromatography yield: 0.95

Ion-exchange chromatography yield: 0.90

‘ Simpler downstream processing and cheaper downstream disposables become available

^ MF/UF = Microfiltration/Ultrafiltration

5.7.2

Sensitivity results and discussion

The same decision criteria were used to evaluate the alternatives as in the original
Monte Carlo analysis, that is accepting projects that have less than a 33% chance of
failing to meet the throughput target of four projects and then ranking them based on
their annual COG/g. Table 5.11 summarises the results of the base scenario and the
two sensitivity studies, and the ranking of the alternatives in each case. The
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prioritisation of viable options was based on the plots of risk versus expected cost
shown in Figures 5.12 a and b, selecting the option with the lowest risk and cost.

Table 5.11 Summary of the key sensitivity simulation results for the different
scenarios
Ranking order
Scenario

Ranking criteria
(best first)

Base case

p(Failing to complete at least 4 projects annually)

p(No Annual Market Successes )

Expected Annual COG/g"

Disposable
fermenters
cannot
attain same
litre levels

p(Failing to complete at least 4 projects annually)

p(No Annual Market Successes )

Expected Annual COG/g"

Simpler
process,
cheaper
disposable
s but with
lower
yields

p(Failing to complete at least 4 projects annually)

p(No Annual Market Successes )

Expected Annual COG/ga

DISP

HYB

SS

76%

7&%

27%

HYB

DISP

SS

27%

37%

33%

DISP

HYB

SS

^P,200/]g

^70,660/]g

$13,000/g

HYB

SS

DISP

7&%

27%

33%

HYB

DISP

SS

26%

37%

33%

HYB

DISP

SS

^70,600/g

$JJ,500/g

^73,000/^

SS

DISP

27%

42%

43%

SS

DISP

HYB

J4%

34%

37%

SS

DISP

HYB

^9,600/^

$77,600/^

HYB

■'The COG/g outputs in these hypothetical cases were for an average annual output of 0.20-0.30kg.
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Figures 5.12 a and b. Plot of the risk versus the expected cost of goods per gram
for the sensitivity scenarios exploring the effects of a) a lower range of titres in the
disposable pilot plant and b) a simpler downstream process in all plants, as well as
the use of cheaper disposable materials in the disposable and hybrid plants but with a
concomitant drop in yield. The grey outlined icons represent the original data from
the original Monte Carlo analysis for comparison. The risk refers to the standard
deviation of the cost distributions.
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From the data presented in Figures 5.12 a and b and Table 5.11, it can be seen that
the drop in titre levels attainable in disposable fermenters knocks the disposable
option out of first place. The probability of failing to complete at least 4 projects
annually is still below 33% for the disposables option. It is therefore still a viable
option and preferred over the stainless steel case in terms of cost. Interestingly, the
disposable plant is ranked last based on its throughput owing to its lower range of
possible titres, but second based on its annual COG/g. In this case the company
would have to determine a trade-off between the throughput and cost to decide
which performance measure is more important. The results generated by the tool
indicate that the hybrid option is the most desirable with the highest likely
throughput, lowest COG/g and associated risk. This suggests that the reduction in
capital investment combined with maintaining overall process performance is
preferred over a cheaper setup which performs less well. This once again reinforces
the key role played by the fermentation titre on the overall viability of an alternative
manufacturing strategy.

For the second sensitivity scenario, where the downstream process was simplified in
all plants and disposable materials were replaced with cheaper versions, the stainless
steel option can be seen to emerge as the most favourable based on all performance
measures. Examining the cost results in Figure 5.12 b reveals that the results are very
close for the stainless steel and disposables options. However, the disposables and
hybrid options fail to meet the throughput criterion and are therefore rendered nonviable. So the stainless steel case is the only option under such circumstances. This
suggests that even with fewer downstream steps, the loss in yield from 67% to 40%
with cheap disposables is not acceptable. This can be used to support the decision to
stick to more expensive membranes and matrices for disposable operations since the
difference in yield is critical. Of course quite a large cumulative drop in yield was
realised in this example and the analysis could be extended to determine acceptable
reductions in performance which do not compromise the ranking position of the
disposable and hybrid options.

In addition it is possible to examine the impact of the simpler process relative to the
original process. A significant improvement in throughput as well as a substantial
reduction in cost can be seen for the stainless steel plant. However, similar benefits
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do not accrue in the disposable and hybrid plants as they are marred by the critical
drop in downstream yield. This highlights once more that the switch to cheaper
disposable materials is not advantageous here.

5.8

C o n c l u s io n s

The above analysis of the outcomes of the Monte Carlo simulations highlights the
benefits of incorporating uncertainties when evaluating manufacturing strategies.
The information generated by the simulation studies can help determine ranking of
alternatives under different scenarios and hence provide key support to decision
makers. In this particular hypothetical case, the use of disposables for Phase I
material production was shown to be favourable under certain scenarios that
assumed similar titre and yields as conventional processes. Critical drops in these
drivers that affect the decision were also identified through sensitivity scenarios that
were used to enhance the robustness of the decision-making. The analysis can be
taken a step further to account for both quantitative and non-quantitative parameters
that ultimately need to be considered. This is explored in the next chapter.
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The previous chapter illustrated the use of the tool,
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6.1

I n t r o d u c t io n

to model the

process and business aspects of alternative manufacturing strategies and suggested
ways of interpreting the cost and project throughput to rank these alternatives.
However, it was noted that when there were conflicting outputs, a trade-off needed
to be made but no method was provided to handle multiple tangible (quantitative)
objectives. In addition, decision-makers often realise that there are additional
intangible (qualitative) objectives that need to be considered in such an analysis.
These include subjective non-financial issues, such as the flexibility to modify
process configurations for the manufacture of different drug candidates. Thus the
choice of manufacturing technologies inherently has a strategic significance within a
company. It is vital therefore to capture all the important issues and subtleties to be
considered in the analysis. In this chapter the evaluation of manufacturing
alternatives in a holistic manner was extended to encompass all the financial and
non-financial attributes that were pertinent to the decisions. This was achieved using
a multi-attribute decision-making technique. The classical additive weighting
technique was extended to allow for uncertainty in parameters.

This chapter is structured as follows. Section 6.2 provides a brief overview of multi
attribute decision-making models, with particular attention to the additive weighting
technique. A description of how this classical technique can be adapted to express
uncertainties is explained. A case study is presented in Section 6.3 to explore the
benefits of using a stochastic additive weighting technique to evaluate manufacturing
alternatives. The case draws on one of the scenarios investigated in the previous
chapter; the analysis is extended to evaluate the trade-offs between multiple
quantitative and qualitative criteria pertinent to the problem.
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6.2
6.2.1

B ackground

M ulti-attribute decision-making models

Evaluation and justification of manufacturing alternatives have typically either been
based on improvements in process yields or in a financial measure, such as cost or a
profitability indicator (eg. NPV). However, as mentioned in previous chapters, to
remain competitive, companies must incorporate both process and business benefits
in their decision-making. Using a single performance measure to rate a particular
scheme can be inadequate as decisions in manufacturing often involve conflicting
objectives. In addition, such justification techniques tend to focus on tangible
benefits and do not provide a mechanism for capturing differences in qualitative
considerations that arise. Typical examples of the latter include quality, flexibility,
reliability and safety (Hayes and Wheelwright, 1984; Pisano, 1997), which can
sometimes be of equal, or overriding, importance to tangible benefits.

Multi-attribute decision-making (MADM) methods provide a formal mechanism for
explicitly including qualitative and non-financial aspects of performance in the
evaluation. Such methodologies allow alternatives to be evaluated against a set of
attributes, which are often hard to quantify and may be conflicting.

Reported

examples of their application illustrate the broad interdisciplinary character of the
field and include: airport siting (deNeufville & Keeney, 1972), flood-plain
management (Novoa & Halff, 1977), energy and environmental appraisals (Huang et
al., 1995), and evaluation of automated manufacturing technologies (Saleh et al.,
1998). A variety of MADM methods exist and they can be classified as either multi
dimensional or single dimensional (Hwang & Yoon, 1981). Multi-dimensional
techniques analyse attributes in terms of their original metrics. Such non
compensatory models are typically used for initial screening of alternatives. For
example, eliminating alternatives that failed to meet the throughput criterion in the
previous chapter can be considered an example of the method of “satisficing” (eg.
Hwang & Yoon, 1981). This involves defining a feasible range for each attribute.
Alternatives that fall outside the acceptable limits are excluded from further
consideration.

Single dimensional models are more useful for ranking alternatives. The basic
principle behind such models is that all attributes are converted to a common
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measurement scale such as dollars or a dimensionless unit. It is then possible to
construct an overall index for each alternative. This allows trade-offs among
attributes to be made and hence enables the selection of the best alternative. The
most popular and easy-to-use examples of such compensatory models include the
simple additive weighting technique (Hwang & Yoon, 1981) and a hierarchical
extension termed the Analytic Hierarchy Process (AH?) (Saaty, 1980).

6.2.2

The additive weighting technique

In this chapter the additive weighting technique was employed to evaluate a multi
attribute decision problem and it was extended to allow for uncertainty in model
parameters. A brief overview of the classic method is given first.

The methodology initially involves identifying the key performance measures or
attributes that are relevant to the decision analysis. The relative importance of the
attributes is established by assigning weights to them and then normalising the
weights. The attribute values for each alternative are then estimated. Quantitative
attributes, such as cost, may be derived from simulation analysis and financial
models. Qualitative attributes, such as flexibility, are assigned numerical scores on
an appropriate scale to reflect their relative benefit. All attribute values must then be
standardised to convert them to a common dimensionless scale, such as 0-100.
Finally a total score for each alternative is obtained as the weighted sum of all the
dimensionless attribute values. Mathematically, the total score for alternative j, Wj,
can be represented as:

(6. 1)

^ =
where w,- = the normalised weight assigned to attribute i
rij = the dimensionless rating of attribute i for alternative j.

The decision rule is to select the alternative with the highest score:
^optimal ~ max IT .
all j

(6.2)
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Hwang & Yoon (1981) comment that this method is frequently used because it leads
to a unique choice, since a single and distinct number is obtained for each
alternative. This contributes to the intuitive appeal of this approach, which is easier
to use and understand than some of the more complicated methods. However, the
method may give misleading results if there are interdependencies between the
attributes.

6.2.3

The stochastic additive weighting technique

The additive weighting technique uses single-point forecasts for each attribute
weight and value. However, this does not allow the decision-maker to express any
degree of uncertainty in these input variables. Consequently, the final scores do not
provide an indication of their intrinsic risk. This can strongly influence the decision
making especially if two alternatives have similar expected scores but one alternative
has more uncertainty in its final score. The provision of both the expected value of
each final score and its distribution can allow for more informed decision-making,
thus enhancing the level of confidence associated with a decision.

The Monte Carlo simulation technique can be used to incorporate the uncertainties in
parameters and generate probability distributions for the final scores of each
alternative. The deterministic approach has traditionally benefited from the fact that
simple spreadsheet calculations can be used to solve the problem. The
probabilistic/stochastic approaches typically require more computational effort.
However, easy-to-use and efficient software packages are now available that perform
Monte Carlo simulations. At present two such packages appear to dominate the
industry as add-ons to Excel spreadsheets: @RISK (Palisade Corporation, Newfield,
NY) and Crystal Ball (Decisioneering, London, England).

The example decision-making process presented in the previous chapter was
extended to incorporate explicitly the effects of intangible benefits and evaluate the
trade-offs between the conflicting performance metrics using a probabilistic additive
weighting technique.
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6.3
6.3.1

C a se

st u d y

Problem statement

In the previous chapter, S im B iopharm a (the tool developed in Chapter 4) was used
to assess the use of disposable equipment for the manufacture of material for clinical
trials. Three alternative designs were proposed in Chapter 5: stainless steel,
disposable or hybrid pilot plant. The key performance measures used were the
capital investment required to construct the plant, the number of projects completed
within a year and the cost of goods per gram of purified product manufactured.
These outputs were used in this chapter to formulate a multi-attribute decision
problem that also took account of the qualitative benefits of using a particular option.

In Chapter 5, the manufacturing alternatives were investigated under three different
scenarios. The final scenario investigated the possibility of simpler downstream
processing in all plants, and disposable materials were replaced with cheaper
versions but with lower yields. The results indicated that only one alternative design,
the stainless steel case, was viable under the circumstances and hence no further
investigation using MADM techniques was required. The base scenario assumed all
alternative designs had the same distribution of possible fermentation titres.
However, the second scenario was more likely where it was assumed that a lower
distribution of titres would be achievable in disposable fermenters. This case was
explored further using a MADM technique. A brief description of the three
alternative designs explored is given in Table 6.1.

6.3.2

Method

A stochastic additive weighting technique was used to select the most preferred
alternative in each scenario. An overview of the key stages involved is shown in
Figure 6.1. It was found to be beneficial to determine separate weighted scores for
the financial and operational attributes and then aggregate them in different
proportions according to their relative importance within the corporate strategy. This
has also been suggested by Chiadamrong & O’Brien (1999) and is similar in concept
to cost-benefit analysis. The stochastic technique employed permitted the
uncertainties in attribute weights and alternative evaluation ratings to be incorporated
into the analysis.
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Attribute identification

Attribute weight assignment

Ratings assignment

Assign probability distributions
to weights

Assign probability distributions
to uncertain ratings

Normalise attribute weights

Standardise ratings
Identify feasible ranges;
perform dimensionless scaling
of ratings

Weighted financial and
operational scores
Normalise the financial and
operational scores to compare
them

Weighted overall scores
Compute the overall score for
different combination ratios of
operational benefits to financial
savings

Monte Carlo simulation
Generate probability distributions
for the weighted scores

Figure 6.1

Schematic representation of stochastic additive weighting technique

used.
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Table 6.1 Alternatives considered for evaluation
Alternative

Description

Stainless

Build a pilot plant with stainless steel equipment and piping.

steel

Ancillary manufacturing activities include cleaning and
sterilising production equipment.

Disposable

Build a pilot plant based on fully disposable, pre-sterilised
components. Lower fermentation titres are expected in
disposable vessels. No ancillary cleaning and sterilising
activities required.

Hybrid

Build a pilot plant with stainless steel fermenters to achieve high
titres, but with fully disposable, pre-sterilised components in the
downstream production areas. Reduced ancillary cleaning and
sterilising activities.

6.3.2.1 Attribute identification
The first task involved developing an appropriate set of attributes for evaluating the
manufacturing alternatives. This is clearly a subjective process and heavily
influenced by the decision problem at hand. The final list of attributes, both financial
and non-financial, used in the analysis was compiled and validated by soliciting
input from industrial experts in the biopharmaceutical industry. Table 6.2 provides a
summary of all the attributes considered.

The performance measures considered in the initial evaluation of the stainless steel,
disposable and hybrid pilot plants were the initial capital investment, the annual cost
of goods per gram and the annual project throughput. These were the key
quantitative measures that captured the differences in resource demands, capital
expenditure, product output and project completion times.
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Table 6.2 Attributes used in the analysis of the use of disposables
Attribute Nature

Attribute Name

Financial

Capital investment
Annual cost of goods per gram

Non-financial

Project throughput criterion
Validation effort
Operational flexibility
Construction time
Ease of scale-up
Reliance on suppliers
On-line fermentation control

However, the decision-making problem is more complex since additional qualitative
objectives can influence the decision. The use of disposable equipment is often
claimed to result in a reduction in validation studies, increased operational flexibility
and a shorter construction time. These are elaborated upon below.

The lower validation effort is usually attributed to the need for fewer cleaning
validation studies when running in a disposable format. For membranes and
chromatography matrices, cleaning validation studies typically consume a significant
amount of effort and time to demonstrate the number of cycles that the material can
be used with confidence of the performance not deteriorating. These studies are
typically carried out during the later stages of a drug’s development cycle and are a
vital part of the documentation presented to the FDA for drug approval. However, it
should be noted that disposable equipment might also require additional validation
studies to assess the effect of extractables leached from the materials and to
demonstrate the integrity of materials.

Another advantage of using disposable equipment is the increased operational
flexibility. Their use can facilitate the rapid modification of process configurations
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for different drug candidates. Finally, the lower construction time, due to the
reduction in installation and commissioning time of stainless steel equipment and
piping, can translate into an earlier initiation of biopharmaceutical manufacture.

Of course, the use of disposable equipment has its limitations that also need to be
assessed. The size limit of certain disposable equipment, such as fermenters and pre
packed chromatography columns, can pose difficulties during scale-up for the
manufacture of late-stage clinical trial material and commercial drugs. To continue
to use disposable equipment at large scales may entail the use of multiple units
operating in parallel. This alters the logistics of the manufacturing process and
demands studies on the effects of introducing pooling strategies.

Reliance on suppliers is expected to be higher when disposable equipment are
utilised since supplies are required for each campaign. This increases the dependence
on deliveries of these consumables and may require careful planning of storage areas
in the plant to facilitate the logistics in the plant.

The degree of on-line control of fermentation systems may be a cause of concern
with the use of disposable fermenters since disposable probes for parameters such as
pH and DOT do not exist. This places an extra burden on off-line assays and quality
control activities.

Certain attributes were not considered in the analysis as it was assumed that no
significant difference existed between the alternatives. These include product quality
and environmental burden. With regards to the environment, it was postulated that
the reduction in liquid waste handling achieved with disposable equipment, due to
the use of fewer cleaning and sterilisation fluids, would balance the increase in solids
waste handling of the disposable materials.

6.3.2.2 Assigning attribute weights
Having chosen suitable financial and non-financial attributes to distinguish amongst
alternatives, their relative importance was established using attribute weights.
Initially the two sets of attributes were ranked in importance; higher rankings reflect
attributes of greater importance. The ordinal ranks are shown in the second column
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of Table 6.2. Weights were next assigned to each attribute in view of its ranking. The
weights are on a 0-100 scale where 0 represents zero importance and 100 absolute
importance. For each weight uniform probability distributions were specified so as to
capture the uncertainty in the values. This gave equal likelihood to all possible
values included in the interval specified by the lower and upper bounds. The
probability distributions for the relative weights assigned to each attribute are
illustrated in Table 6.3. For any given set of attribute weights, normalised weights
are determined relative to the sum of all weights. (This is automatically updated
whenever a different weight value is selected from the probability distribution.)

Table 6.3 Attribute weights and their probability distributions
Attribute

Attribute Name

Rank

Weight

Capital investment

2

Uniform(90, 100)

Annual Cost of Goods / Gram

1

Uniform(40, 100)

Construction time

7

Uniform(90, 100)

Project throughput criterion

6

Uniform(85, 95)

On-line fermentation control

5 ■

Uniform(70, 80)

Operational flexibility

4

Uniform(40, 60)

Validation effort

3

Uniform(20, 50)

Base of scale-up

2

Uniform(10, 40)

Reliance on suppliers

1

Uniform(10, 40)

Nature
Financial

Non-financial

“Uniform” stands for Uniform probability distribution used, with the numbers in brackets indicating
the minimum and maximum number used respectively.

Financial weights
Capital investment is a key consideration for new ventures. This is particularly true
for start-ups where cash is tight and a large amount is required upfront to initiate the
project. Hence the capital investment was considered to be slightly more important
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than the cost of goods in this case. Traditionally the emphasis placed on operating
cost issues has been most in evidence towards late stage drug development phases
and commercial manufacture. The more crucial factor during early stage
development is often considered to be proof of concept, that is getting through preclinical and Phase I trials with the minimum amount of effort. However, as
manufacturing capacity becomes scarcer, pricing policies less flexible and as product
life cycles shorten, the financial squeeze on companies is increasing. Hence
increasing focus on cost of goods reduction early on will certainly be beneficial, if
not a pre-requisite.

Operational weights
For a start-up company hoping to manufacture drug candidates for clinical trials, the
key strategic considerations are getting to market first and the need for routine
product introductions on the market (Tiggemann et al., 1998). Any savings in
construction time will allow the company to enter the race earlier and hence increase
their chances of being first to market. As mentioned in the previous chapter, the
fundamental goal of a manufacturing plant is to maximise the number of drugs
manufactured annually, so as to ensure at least one market success from each year’s
development work. Hence these two operational attributes were considered to be the
most important in this case.

The degree of on-line fermentation control and operational flexibility were valued to
be next in importance. The overall performance of the fermentation is strongly
influenced by the level of control available. This becomes even more critical for
manufacturing cell cultures due to their long growth cycles.

Operational flexibility is also a key factor for a company with a pipeline of drug
candidates to be manufactured for clinical trials. Each candidate may require
variations in the process sequences and the ability to adapt to such requirements can
be of vital importance to such a company’s success.

The validation effort and reliance on suppliers were considered to be of lesser
importance during early phases of drug development. These factors become of prime
importance during Phase III clinical trials and commercial manufacture, for example.
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Similar assumptions were made for scale-up issues. For example, disposable
equipment pose more potential problems to scale-up owing to limits on equipment
sizes. However, it is common for start-ups to be bought out by larger pharmaceutical
companies who possess their own technology. Thus scale-up issues may not be
crucial to the start-up’s success. It is also possible to consider that a company may
build a disposable-based pilot plant for the preparation of early-phase clinical trial
material and then build a larger facility for late-stage and commercial production and
that this may be based on stainless steel equipment. During the later stages of a
drug’s development cycle, it may be necessary to perform comparability studies to
demonstrate product equivalence.

6.3.2.3 Assigning alternative evaluation ratings
After identifying the attributes and their relative importance, numerical ratings were
developed for the attributes for each alternative. Estimates for the following
quantitative attributes were taken from the simulations described in the previous
chapter: capital investment, annual cost of goods per gram and probability of failing
to complete four projects annually. The construction time estimates for a stainless
steel plant were derived from literature sources and discussions with industrial
experts

(eg. V. Thomas, Jacobs Engineering, Croydon, England, personal

communication). The reduction in construction time for the disposable plant was
estimated based on a reduction in installation and commissioning activities as
suggested by Novais (2001). The value for the hybrid plant was assumed to lie in
between the other values. The remaining qualitative attributes were given scores on a
scale of 0-100 (worst to best).

Uncertainty data were incorporated into the ratings by specifying appropriate
probability distributions. For the annual cost of goods per gram, the empirical
frequency distributions derived from the Monte Carlo simulation were used to
specify the possible outcomes and their likelihood. For the qualitative attributes,
triangular distributions were used and described by specifying the minimum, most
likely and maximum estimates of each variable. These values were determined
through discussions with industrial experts.
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Feasible ranges were defined for each attribute value. The method of “satisficing”
was then used. This involved an initial screening of alternatives to determine options
that were no longer viable. In this case all alternatives remained feasible options. A
summary of the rating data for each alternative is given in the preliminary decision
matrix in Table 6.4.

6.3.2.4 Dimensionless scaling of attribute values
All the attributes were standardised by converting them to a common dimensionless
0-100 scale. The qualitative attributes already conformed to this scale and so it was
necessary to perform a similar transformation to the quantitative attributes. This
allows aggregate scores of the financial and operational impacts for each alternative
to be computed. The standardisation was achieved by rating each attribute as a
fraction of the feasible range, defined by the worst and best attainable value. This
rating, r^, was calculated using the following equation:

X IJ

r -,\ X

u

f &

—

St

X -1 worst,

100

(6.3)

— X-

1 worst

where x / yj^rst - the worst outcome for attribute i given by the feasible range
X i best = the best outcome for attribute i given by the feasible range.

This permits both benefit and cost criteria in the decision matrix to be converted to a
scale where the worst outcome of a certain criterion implies a rating of 0 while the
best outcome implies a rating of 100. This is vital considering that benefit criteria are
best when high and a cost-related attribute is best when low. This method of linear
scale transformation was used as opposed to others, such as dividing the outcome of
certain criteria by its best value. This was found to be necessary as Monte Carlo
simulation was used to assess the impact of the uncertainties in the ratings. For each
iteration of the Monte Carlo simulation to be comparable, it was necessary to
standardise relative to fixed worst and best values. An example of the scaled ratings
for the mean values of each probability distribution is shown in Table 6.5.
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Table 6.4 Decision matrix for the evaluation of pilot plant manufacturing strategies

Attribute

Stainless Steel
8,738,100

Original rating data
Disposable
4,992,000

Histogrm( 14,444, 6020, 2.9)

Feasible range
Hybrid
6,240,000

Worst Value

Best Value

$10,000,000

$4,000,000

Histogrm( 12,854, 3790, 2.3)

Histogrm(12,107, 3585, 1.7)

$44,000

$4,000

Triang(2.5, 3, 3.5)

Triang(1.75, 2, 3)

Triang(2.25, 2.5, 3.25)

3

1

27%

33%

18%

33%

0%

Triang(80, 85, 95)

Triang(30, 30, 60)

Triang(80, 85, 95)

0

100

Triang(20, 30, 35)

Triang(50, 70, 75)

Triang(20, 30, 35)

0

100

Validation effort

Triang(20, 30, 35)

Triang(50,70, 85)

Triang(50, 60, 65)

0

100

Ease of scale-up

Triang(60, 70, 85)

Triang(20, 30, 40)

Triang(50, 60, 65)

0

100

Reliance on suppliers

Triang(60, 80, 85)

Triang(8,10, 15)

Triang(30, 40, 50)

0

100

Capital investment
($)
Annual Cost of Goods per
Gram ($/g)
Construction time
(yr)
Project throughput criterion
(failure probability %)
On-line fermentation
control
Operational flexibility

“Triang” stands for Triangular probability distribution used with the numbers in brackets indicating the minimum, most likely and maximum number used respectively.
“Histogrm” stands for the empirical frequency histogram generated by the simulation tool and the numbers in brackets specify the mean, standard deviation and skewness of
the distribution respectively.

g

MULTI-ATTRIBUTE DECISION-MAKING WITH UNCERTAINTY

6.3.2.S Weighted financial and operational scores
The total weighted financial and operational scores were normalised out of 100 to
permit aggregate scores to be computed. Aggregate scores were calculated using the
following equation:
^ij overall — ^ij financial

^

^ ^ij operational

(6 .4 )

where R = the combination ratio of the operational score to the financial score.

Table 6.5 Summary of scaled ratings for each attribute and alternative
Mean Scaled Rating
Attribute

Stainless Steel

Disposable

Hybrid

Capital investment ($)

21

83

63

Annual Cost of Goods per
Gram ($/g)

74

78

80

Construction time (yr)

0

38

17

Project throughput criterion
(failure probability %)

18

0

45

On-line fermentation
control

87

40

87

Operational flexibility

28

65

28

Validation effort

28

68

58

Base of scale-up

72

30

58

Reliance on suppliers

75

11

40

The mean value o f each distribution is shown in its dimensionless scaled form.

6.3.2.6 Monte Carlo simulation
The model was set up in Excel using ©RISK to perform the Monte Carlo simulation
technique to characterise the variability in the weights and ratings on the financial,
operational and overall aggregate scores. The key uncertainties were defined using
©RISK distribution functions. The number of iterations required was determined
automatically. This ensured that the output distribution statistics changed less than
the convergence threshold. Typically 1000 iterations were required to achieve this.
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6.3.3

Results and discussion

The results of the multi-attribute analysis for the scenario under investigation are
reviewed in this section to demonstrate the further insight that can be gained from a
framework that explores the trade-offs inherent in the problem.

The key outputs were the total normalised scores for the financial and operational
impacts, as well as the combined aggregate score over a range of combination ratios.
Probability distributions and key statistics were generated for each score and used in
the evaluation process.

Accounting for uncertainties in attribute weights and alternative evaluation ratings
permits the financial and operational impacts to be compared in terms of their
expected values and standard deviations, which provide a measure of dispersion
about the mean. This can be illustrated by plotting the operational and financial
scores that shape a solution space to help identify the best alternative, as shown in
Figure 6.2.

50
•t; 4 0 ■Q 3 0 -
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Financial saving
♦ Stainless steel ■ Disposable A Hybrid

Figure 6.2 Operational benefit versus financial saving solution space. This indicates
that the hybrid option offers the highest operational benefit whereas the disposable
option offers the greatest financial savings.
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Considering that the scores of the three alternatives were normalised out of 100, it is
unlikely that any alternative will achieve a score higher than 50 unless there is an
outstanding difference between them. Hence a smaller space is shown and a grid
superimposed to help classify the desirability of the alternatives. In this solution
space, the alternatives that fall in quadrant A are the most desirable, while those in
quadrant D are the least desirable. It is apparent that the stainless steel option is
inferior to the disposable and hybrid options in this scenario. However, the choice
between the latter two is not so clear. Although the trade-offs between the individual
operational and financial attributes have been established in this figure, the same is
not true for the total impacts. In this case, the increased financial savings with the
disposable plant have to be balanced by lower operational benefits relative to the
hybrid plant. Such a decision will depend on the management’s attitude towards the
relative importance of the operational and financial impacts. To facilitate this
decision the cumulative frequency distribution of the aggregate score of each
alternative was generated, initially assuming equal importance of the operational and
financial components. This is illustrated in Figure 6.3.

1

0.6
0.4

0.2
0
20

40

60

80

Overall aggregate score
Stainless steel

- - Disposable

100

Hybrid

F igure 6.3 Cumulative frequency curves for the overall aggregate score for the three
alternatives. This indicates that the hybrid pilot plant is the preferred option in this
case.
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In this case, the cumulative frequency curves do not intersect at any points but do
have similar spreads, thus giving a clear indication as to the most preferred option.
From Figure 6.3, it is possible to rank the alternatives as follows in order of
preference: hybrid, disposable and stainless steel plants. This suggests that under
these conditions, the higher capital investment and construction time of the hybrid
option relative to the disposable option are not sufficiently large as to be outweighed
by the benefits of combining a stainless steel fermentation train with disposable
components downstream. Such benefits include higher project throughput owing to
higher titres in stainless steel fermenters than disposable ones, as well as better on
line fermentation control and easier scale-up.
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Figure 6.4 Sensitivity spider plot to show the effect of the ratio (R) of the relative
importance of operational to financial scores on the mean overall aggregate scores
for the three alternatives.

Extending such an analysis to look at the impact of the relative weighting for the
mean operational and financial scores on the ranking yields the sensitivity spider plot
shown in Figure 6.4. This permits management to identify their priorities and view
the resulting ranking. It is commonly perceived that during early stage clinical trials
the operational benefits are more important than the financial savings (R>1). Under
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these circumstances, the management may view the operational score to be more
important than the financial score, eg. R=1.5. It is apparent from the graph that the
critical ratio value is 0.6; above this the hybrid is the preferred option and below this
the disposable plant appears to be more desirable.

Once the relative ratio is established, it is valuable to compare the cumulative
frequency curves and to plot the “risk” (standard deviation) versus the “reward”
(mean overall aggregate score). Accounting for uncertainties allows the decision
process to be based not only on the highest expected scores but also on the risks
associated with attaining the scores. However, for the case when the ratio is 1.5 the
cumulative frequency curves show similar trends to those observed in Figure 6.3. In
this case it is not necessary to examine further the probability distributions of the
scores as the preferred option is clear. This concept is demonstrated in the next
section that illustrates the effect of running sensitivity scenarios.

6.3.4

Sensitivity scenario

It is also possible to examine what the results may look like for a company
concentrating on the manufacture of late-stage clinical trial material. Under such
circumstances, the relative ranking of the attributes would be different; the validation
effort, the degree of on-line fermentation control, the ease of scale-up, and the
reliance on suppliers would all assume greater importance. Validation becomes a
major activity during Phase III of drug development and forms a critical part of the
documentation presented to the FDA for drug approval. The process, equipment,
facility and assays need to be fully validated and three consistency batches must be
manufactured. Process validation also includes activities such as validating the
number of re-uses of chromatography matrices and the cleaning procedures. As
mentioned earlier, although disposable components benefit from not requiring such
studies, they might also require additional studies to validate their integrity and the
levels

of

extractables

leached.

Fermentation

control

becomes

crucial

to

demonstrating process robustness. The ease of scale-up and reliance on suppliers
become major concerns owing to the closer proximity to product approval and the
larger manufacturing scales typically required for preparation of material at Phase
III. The revised attribute weights are listed in Table 6.6. It is assumed that the
relative ratines would be the same.
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Table 6.6

Attribute weights with probability distributions for the sensitivity

scenario
Attribute
Nature

Attribute Name

Rank

Weight

Financial

Capital investment

2

Uniform(90, 100)

Annual Cost of Goods / Gram

1

Uniform(40, 100)

Ease of scale-up

7

Uniform(90, 100)

On-line fermentation control

6

Uniform(85, 95)

Validation effort

5

Uniform(60, 70)

Reliance on suppliers

4

Uniform(40, 60)

Construction time

3

Uniform(20, 50)

Project throughput criterion

2

Uniform(10, 40)

Operational flexibility

1

Uniform(10, 40)

Non-financial

“Uniform ” stands for Uniform probability distribution used, with the numbers in brackets indicating
the minimum and maximum number used respectively.

The results of the overall aggregate scores against the operational to financial ratio
are displayed in Figure 6.5. It can be seen that if the operational and financial scores
are considered to be equally important (R=l), the ranking of alternatives is the same
as for early-stage clinical trial material, ie. hybrid, disposable followed by the
stainless steel option.

If it is assumed that even during late stage clinical trials the main driver is rapid
proof of concept in the clinic, then operational benefits may be more significant than
financial savings. In this case (R>1), the stainless steel option now competes with the
disposable option. However, the hybrid option is still preferred.

However, the increasing pressure on companies to reduce manufacturing costs,
probably means that companies will be forced to focus substantial effort to optimise
the process for cost-effective manufacture at late-stage clinical trials. At this stage
the risk of clinical failure is less significant and hence companies are more prepared
to commit resources to assessing the economic viability of the product. Hence, it is
more likely that under such circumstances, the financial savings would act as a more
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significant driver than the operational benefits. If it is assumed that financial savings
are twice as important as the operational scores (R=0.5), it can be seen from Figure
6.6 that at this point the hybrid and disposable options perform similarly and
outperform the more expensive stainless steel case. Although the results in Figure
6.5 indicate that the hybrid and disposable options have similar mean overall
aggregate scores, it is not clear whether one option is riskier than the other. In this
situation, the plot of risk versus reward can provide further insight into the problem.
An example for this case (R=0.5) is shown in Figure 6.6. The hybrid option can be
seen to have a slightly lower risk and higher reward than the disposable option. In
this case, however, it is noted that both the expected scores and risks are not
significantly different and hence both options are equally attractive.
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Risk versus reward for the overall aggregate score where R=0.5

(financial score is considered to be twice as important as the operational score) for
the three alternatives for the manufacture of late-stage clinical trial material.

6.4

C o n c l u sio n s

This chapter provides an example of how the simulation results from the tool can be
combined with other criteria pertinent to decision-making so as to provide a more
holistic approach to the evaluation of manufacturing alternatives. A stochastic
additive weighting technique was used to capture and aggregate the financial and
operational attributes under uncertainty. The model allows probabilistic estimates of
the attribute importance weights and alternative ratings to be expressed. The
comparison of alternatives can then be based on the cumulative frequency curves of
the aggregate scores. For cases where it was difficult to discriminate between the
curves, plots of risk versus reward were found to be useful for identifying the best
alternative based on the risk preference of the company’s management. The analysis
was extended to explore the effects of different combination ratios of the operational
and financial scores on the ranking of the manufacturing alternatives. Having
selected the appropriate combination ratio, it was suggested that the original
cumulative frequency curves be examined to assess the best alternative based on
both its expected value and associated risk.
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CHAPTER 7

C o n c l u s io n s

7.1

and

F uture W o rk

I n t r o d u c t io n

Pressures for rapid expansion of biopharmaceutical drug pipelines in a cost-effective
manner have triggered renewed interest in the contribution of manufacturing to a
company’s business performance. Controlling the cost of goods and process
performance is complicated by the fact that each project is subject to technical and
market related uncertainties. Simulation tools can be used to enhance understanding
of manufacturing systems and act as a test bed for their evaluation. This chapter
summarises the efforts made in this thesis to bridge the gap between the process and
business perspectives of biopharmaceutical manufacture so as to enhance the
information

available

for

decision-making

when

assessing

manufacturing

alternatives. It also points out future developments that will further advance the
understanding of these topics.

7.2

O verall

c o n c l u s io n s

The main focus of this thesis has been the design and implementation of a décisionsupport tool that captures the technical, operational and financial aspects of
biopharmaceutical manufacture, as well as incorporating the effects of risk analysis.
As an illustration, the tool was used to evaluate the manufacture of monoclonal
antibodies or recombinant proteins derived from mammalian-based processes. An
investigation of the commercial production methods for monoclonal antibodies
enabled generic processes to be defined that were subsequently used as a basis for
determining the unit operations used within a biopharmaceutical facility employed
for antibody production. Comparing the manufacturing processes based on cell
culture revealed that the main differences were in the cell type (hybridoma, myeloma
or CHO cells) and the cell culture method (batch or perfusion) selected. However,
the sequence of downstream operations was found to be very similar, relying
primarily on filtration and chromatography operations as illustrated in Chapter 2.
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The modelling approach created and adopted in this thesis allows modellers to
address explicitly the technical and business aspects of a manufacturing process. The
conceptual framework for the tool, presented in Chapter 4, was constructed to enable
an effective manufacturing strategy to be selected by exploring the balance between
striving for improved operational efficiencies and the subsequent implications on
cost, time and risk. The benefits of the hierarchical nature of the framework were
highlighted; the framework confers maximal flexibility since it permits tasks to be
modelled at different levels of detail, according to the goals of the user. The
framework also encourages the explicit modelling of ancillary tasks, eg. equipment
cleaning. Consequently the profiles for utilisation of resources, such as operators and
materials, were more realistic, and hence the cost models accounted for items that
might have otherwise been overlooked. The task-oriented approach also promoted
transparency, as it was possible to view the cost, duration and yield of each task. In
addition, risk and uncertainty were dealt with in a principled fashion. Investment
appraisal could therefore be based on both the expected outputs and the likelihood of
achieving certain threshold values. Expert knowledge has been crucial in
establishing a base case set of assumptions, sometimes specified as default values in
the framework or as additional values in a database to choose from when populating
input values of a specific case study.

The challenges of translating the conceptual framework into a décision-support
software tool became apparent during the implementation phase of this project,
described in Chapter 4. The resulting prototype tool, designated

S im B io p h a r m a

enables knowledge about a manufacturing process to be articulated clearly and
shared among members of a company. This promotes understanding of how complex
manufacturing processes work and facilitates the analysis of alternative process
designs.

S im B io p h a r m a

combines interactive graphics, animation, object-oriented

representation and dynamic simulation to create a much more flexible environment
for modelling processes than that found in conventional process software tools.
These features make it easier to develop rapidly easy-to-use models of
manufacturing operations that help visualise the dynamic behaviour of existing and
proposed process designs.
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The

application

biopharmaceutical
Chapter 5.

of

S im B io p h a r m a

for modelling

the

operation

of

a

manufacturing plant under uncertainties was presented in

S im B io p h a r m a

was used to address whether start-up companies should

invest in a stainless steel pilot plant or use disposable equipment for the production
of clinical trial material for Phase I projects. Data collection played a vital role in
setting up realistic case studies. Advice from industrial experts was solicited to
verify and validate the inputs and outputs of the simulation studies. The effects of
fluctuating product demands and titres on the performance of a biopharmaceutical
company manufacturing clinical trial material were analysed using the Monte Carlo
simulation technique. The analysis highlighted the impact of different manufacturing
options on the range in possible outcomes for the project throughput and cost of
goods and the likelihood that these metrics exceed a critical threshold. The
simulation studies highlighted the benefits of incorporating uncertainties when
evaluating

manufacturing

strategies.

Methods of presenting

and

analysing

information generated by the simulations were suggested. These were used to help
determine the ranking of alternatives under different scenarios.

A technique to combine the simulation results from the tool with other criteria
pertinent to the decision was investigated in Chapter 6. This was an attempt to
extend the holistic approach for evaluating manufacturing alternatives so as to
encompass all the financial and non-financial attributes that ultimately need to be
considered. This was achieved using a multi-attribute decision-making technique that
was extended to allow for uncertainty in parameters. An illustration of how to
compare alternatives based on the cumulative frequency curves of the aggregate
scores was provided. For cases where it was difficult to discriminate between the
curves, plots of risk versus reward were found to be useful for identifying the best
alternative based on the risk preference of the company’s management.
Thus, the work in this thesis highlights the benefits of adopting an integrated
approach to the process-business interface in biopharmaceutical manufacture. This
has been realised through the design and application of a simulation tool. During and
after data gathering, the layout of the simulation model serves as a vehicle for
communication between different departments within a company such as process
development, manufacturing, accounting, and management. Consequently, the
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process of developing a model of the manufacturing operations also aids in providing
understanding about how a process really operates. The simulation results can then
be used to build consensus amongst decision-makers. Effective use of the simulation
outcomes can lead to concentrated R&D efforts, more effective use of resources,
faster time-to-market and improved overall corporate economic performance.

7.3

F uture W ork

The framework and methods developed in this thesis are an important contribution to
the emerging field of computer-aided design tools that integrate process and business
perspectives of biopharmaceutical manufacture. It also provides a strong base for
further work; several such examples are highlighted and discussed below.

In addition to the work presented in this thesis, parallel work (Karri et al., 2000) has
concentrated on modelling the activities during biopharmaceutical development from
discovery to market. Manufacturing appears as a single simple activity with overall
cost, duration and product mass metrics but lacks detail of the process or its resource
requirements.

Integrating

this

model

with

the

hierarchical

model

of

biopharmaceutical manufacture, described in the present thesis, would broaden the
scope of analyses possible. Such integration should allow the impact of
manufacturing decisions to be determined on the development timelines and costs, as
well as the manufacturing performance and cost of goods.

In order to simplify implementation, some factors were omitted from the case
studies. For example, process validation and quality control activities were not
modelled explicitly. Collaboration with the finance departments of companies is
required to determine typical resource demands and cost correlations for such
activities. In addition there are extra validation costs that are indirect and not
allocated to specific batches of product such as those for continuous environmental
monitoring. These costs are not considered in typical cost of goods models found in
textbooks and guidance from companies is required to determine a method of
estimating these indirect validation costs. The importance of having more realistic
estimates of the contribution of such parameters in the biopharmaceutical industry

215

CONCLUSIONS AND FUTURE WORK

becomes apparent considering that decisions of particular manufacturing strategies
often hinge on their validation requirements.

The tool,

S im B io p h a r m a ,

can also be used to assess the profitability of projects by

incorporating discounted cash flows to provide further indicators, in addition to the
cost of goods, such as net present value (NPV). The use of other methods of
evaluating projects, such as options analysis, could be explored. This would help
determine whether the tool would be enhanced by their addition.

The work in this thesis illustrates the benefits of risk analysis, using the Monte Carlo
simulation technique, over the deterministic approaches typically used in most
bioprocess simulators. The effect of uncertainty in product demand, fermentation
titre and market success of drug candidates on the outputs has been demonstrated.
However, there are other uncertainties in the manufacture of biopharmaceuticals,
such as batch contamination rates, operating conditions and processing times that can
be critical to the decision-making process. As the present tool, implemented in G2®
(Gensym Corporation, Cambridge, MA) takes a relatively long time to perform each
iteration of a Monte Carlo simulation, further work is recommended to explore ways
of achieving faster simulations.

Regarding the development of the unit operation models, more rigorous and
predictive models can be developed. Such models exist for homogenisation,
centrifugation, mierofiltration and precipitation for certain expression systems such
as yeast and E.coli. It will be necessary to verify whether such models apply to
mammalian systems. This will require scale-down experiments to determine the key
parameters in the model and, if necessary, to modify the model equations. Further
models for operations such as fed-batch fermentation and novel technologies such as
expanded bed chromatography need to be developed and verified. The optimum
method of incorporating these more rigorous models into the tool needs to be
investigated. The match between the mathematical complexity of the models and the
mathematical capabilities of the current programming environment of the tool (G2)
will dictate whether it is best to create these models in G2 or in a general-purpose
simulation package (eg. MATLAB, The Math Works, Inc., Natick, MA) with the
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outputs linked to G2. Such an extended tool could then be used to model the
interactions between unit operations and generate windows of operation to identify
optimum conditions.

Investigation into the use of optimisation studies would be useful. Having linked the
process and business models it could be possible to formulate the optimisation
problems to take account not only of the process performance, but also the resource
utilisations and cost of goods.

Process data for different processes needs to be gathered and organised into a
database. Work at UCL is currently pursuing this for data on the drug development
pathway and developing a web browser to view this historical information (Foo et
a i, 2001). This needs to be extended to incorporate manufacturing data for different
process sequences for the different types of organisms and products. This will act as
default parameters that users can access to speed up the setting up of their prototype
manufacturing models.

The case studies presented in this thesis demonstrate the advantages of taking into
account the technical, operational and financial considerations in biopharmaceutical
manufacture at an early stage in development so as to achieve a closer link between a
company’s manufacturing operations and its business strategy. Further simulation
studies using the tool could investigate novel bioprocessing technologies so as to
provide additional insight into manufacturing decisions. For example, modelling of
transgenics-based processes is becoming more important as larger kilogram
quantities of therapeutics, especially antibodies, are now required and manufacturing
capacity is becoming a bottleneck. Increasing interest in the production of
therapeutic proteins in transgenic animals and plants can be attributed to claims of a
lower cost of goods, lower capital investment and flexibility to modulate capacity,
when compared with mammalian cell culture. A thorough analysis of all these issues
needs to be addressed taking into consideration the regulatory hurdles, the timing of
decisions and the impact of the scale of the operation.

In conclusion, the future work that has been outlined draws upon the framework and
methods established in this thesis. The development of more sophisticated models
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would improve the accuracy of prediction while testing against industrial data will
serve to prove the utility of the approach. Over the next decade it is anticipated that
the capacity to link process and business needs will become a reality and a routine
tool in the biochemical engineering tool-kit for process design.
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N om enclature

Symbols
a

Mass-stoichiometric coefficient

-

A

Membrane area

m^

C

Concentration

kg/L

Ce

Total equipment purchase cost

$

CF

Concentration-factor

-

Cf

Fixed capital investment

$

cv

Column volumes of buffer

-

D

Number of diafiltration volumes

-

F

Removal fraction

-

f

Lang factor

-

H

Column height

m

J

Average flux

Um\

m

Mass

kg

n

Number of cycles

-

N

Number of column volumes

-

R

Combination ratio of the operational score to the financial score

-

RC

Rejection coefficient

-

RF

Rejected fraction

-

r

Dimensionless rating

-

S

Solids carry-over fraction

-

t

Processing time

h

u

Linear velocities

m/s

V

Volume-fraction

-

V

Volume

L

w

Normalised attribute weight

-

W

Total score

-

X

Extent of reaction

-

y

Component yields

-

p

Density

kg/L
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NOMENCLATURE

Subscripts/Superscripts
bujf

Buffer

col

Column

E

Elution

/

Component / attribute

7

Manufacturing alternative

I

Liquid phase

L

Load

Urn

Limiting substrate

p

Particle

perm

Permeate

prod

Product stream

ret

Retentate

s

Solid

sed

Sediment

sup

Supernatant

T

Total

W

Wash
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Abstract This paper describes the development of a hierarchical framework for modelling
biopharmaceutical manufacture. Emphasis is placed on how a closer integration o f bioprocess
and business process modelling can be achieved by capturing common information in an
object-orientetJ environment. The steps to use the developed décision-support software tool
for addressing the impact of manufacturing options on strategic technical and business
indicators, at different levels of detail, are identified.
1. INTRODUCTION
The biopharmaceutical industry faces mounting pressures to achieve cost reduction whilst
increasing speed to market. Global competition is driving the need to enhance manufacturing
operations by achieving accelerated process development, maximized process yields,
improved resource utilization, and reduced cost o f goods. To achieve these objectives
companies might typically use a number o f separate software tools and consequently,
administrative and manufacturing-oriented information systems frequently remain isolated
(Schlenoff et al., 1996; Mannarino et al., 1997; Puigjaner and Espuna, 1998). A new kind o f
computer-aided design tool capable o f reconciling business and process needs is required. The
development of such a tool and its application to the production o f biopharmaceutical
products is the subject of this paper.
2. DOMAIN DESCRIPTION
Manufacturing o f biopharmaceutical products is primarily by batch processes. Each batch is
produced by a series of operations that proceed from fermentation through to product
recovery and finally purification, in a train o f vessels. Additional manufacturing operations,
involved indirectly in the production of a batch, include the following: the preparation o f
intermediate materials such as media and buffers; and the preparation o f equipment used to

* F i n a n c i a l s u p p o r t f r o m th e B i o t e c h n o l o g y a n d B i o l o g i c a l S c i e n c e s R e s e a r c h C o u n c i l ( B B S R C ) a n d L o n z a
B io lo g ie s is g r a t e f u lly a c k n o w le d g e d .
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produce a batch by, for example, cleaning-in-place (CIP) and sterilising-in-place (SIP)
operations.
Successful operation of a production facility requires both a technical understanding of the
process and a command of the logistics of operations affecting the business. A tool capable o f
capturing and integrating these process and business issues is needed to accomplish this.
3. THE MODELLING APPROACH
The framework introduces a hierarchical approach to represent the key activities in a
manufacturing process through a series of levels. Such approaches have often been applied to
systems in other sectors (Manivannan, 1998; Lakshmanan and Stephanopoulos, 1998;
Subrahmanyan et al., 1996; Puigjaner and Espuna, 1998; Johnsson and Arzen, 1998, Davies et
al.. 2000). The hierarchical framework presented in this paper focuses more specifically on
the manufacturing operations.
The procedure to manufacture a product can be represented at different abstraction levels
according to the desired goals o f the user. Modelling high-level activities helps provide an
overview of the process and a su m m ^ of the key operational and financial parameters. With
more information, each high-level activity can be broken down into sub-tasks which generates
more accurate estimates of the key parameters. This hierarchical approach to modelling
enables selected activities to be examined in great detail. This is a computationally efficient
approach and also reflects the fact that process data is often sparse.
An example of the hierarchical levels used to describe product manufacture is illustrated in
Figure 1. The levels correspond to the procedural control model in S88 guidelines where a
procedure can be subdivided into unit procedures, operations and phases.
M a n u f a c t u r in g
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E q u ip m e n t
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Figure 1: The hierarchical representation of biopharmaceutical manufacture
To satisfy both process and business applications each level specifies the manufacturing
process in terms of the manufacturing tasks, the resources within the plant, and the process
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sireams lhai tlow between material-handling tasks. Outside these core knowledge
requirements exist characteristics that are more specific to each individual application. For
process applications, examples include mass balance data and associated mathematical
procedures. Business applications require cost data and knowledge o f resource availability
and utilisation. The developed framework permits the user to investigate different production
strategies in terms of the process performance, resource demands and bottlenecks, and the
cost of goods.
4. IMPLEMENTATION
All work was implemented in ReThink (Gensym Corporation), which runs in the 0 2 objectoriented programming environment. ReThink was customised to reflect the processes in
biopharmaceutical manufacture. The models built with this tool possess the benefits of objectoriented design, including the use o f encapsulation, inheritance and polymorphism.
The first stage o f implementation involved mapping the declarative and procedural
knowledge identified for each level into standard object-oriented design techniques. Tlie three
main constructs identified to specify a manufacturing process were the tasks, the resources,
and the process streams. Each type of construct required descriptions at multiple levels of
detail and was represented as objects that belong to a class deflned by a set o f attributes and
methods describing its functions. These constructs have been classified into class hierarchies
to allow inheritance o f common properties and behaviour. Encapsulating the common features
and behaviours o f these objects into generic classes facilitates reuse o f code and the extension
of knowledge representation.
-4.1 Manufacturing task classes
The tasks describing the manufacturing operations are the core o f the hierarchical framework.
The procedural hierarchy creates sub-systems through the use o f the levels (Figure 1).
The biopharmaceutical manufacturing tasks were classified into the product-handling tasks,
eg. fermentation, and ancillary tasks, eg. intermediate material and equipment preparation
steps. This was necessary to prevent tasks inheriting inappropriate attributes and methods.
The tasks' properties and behaviour were further influenced by the recipe structure selected.
Separate recipes, and hence execution threads, were used for the sequence o f product-oriented
tasks and each o f the ancillary operations (Figure I), to facilitate scheduling. Similar
separation of product recipes from recipes perfonning ancillary tasks can be found in Bastiaan
(1998) and Growl (1997).

Figure 2: The manufacturing task class hierarchy
The task class hierarchy is shown in Figure 2 where the definitions o f the tasks have been
extended from ReThink’s system-defined class of a task block. The task blocks represent
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discrete events and have cost and duration attributes as well as a method defining default
behaviour. These are all inherited by the custom tasks. The p r o d u c t m a n u fa c tu r e and
in te r m e d ia te m a te r ia l p r e p a r a tio n operations all share some characteristics and behaviours as
they all make material. For this reason, the superior class, m a te r ia l p r e p a r a tio n , was created
to encapsulate the common information in a single class. This minimizes the use o f redundant
code, making the class hierarchy easier to extend and maintain. The subclasses have more
specific attributes to suit their function.
4.2 Manufacturing resource classes
The resources include the staff, equipment, materials and utilities required to execute the tasks
and may also be generated as a result of a task execution. The resource class hierarchy,
depicted in Figure 3, categorises the resources. Since ReThink already has definitions o f the
resources, these were customised to reflect tlie nature o f the current domain. As a result, all
the customised resources have inherited the attributes and methods o f ReThink’s resource
class. The attributes include “id” and “maximum-utilization”.

STEAHtclitt^iiMUo*

CW»U*TOCRAPHV.CCHU«i. •

CHEUICALS.ANO-WOCH€UtCAlS. t

Figure 3: The manufacturing resource class hierarchy
Equipment resources were given additional attributes such as “equipment-status” (“clean”,
"dirty” or “sterile”). Equipment resources were assigned the attribute “purchase-cost” to
permit calculation of the capital investment and depreciation used to compute the cost of
goods.
Material resources were classified into c h e m ic a ls - a n d - b io c h e m ic a ls eg. glucose, and
eg. membrane-filter. The former was assigned a physical state
attribute as well as composition tables. Each subclass o f equipment-related-material was
assigned attributes to indicate its size, eg. “area” and “number-of-units” for membrane-filters.
L U /iiip m en t-rela ted -m a teria l,

4.3 Process Streams
The process streams refer to the flows of material out o f product manufacture operations and
intermediate material preparation operations. The process stream object was given attributes

■' •>
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lo define ils composition in terms of the component masses, volumes, and concentrations and
their respective totals.
4 .4 D e fin in g th e b e h a v io u r o f t h e m a in o b je c ts

To customise the behaviour of the m a te r ia l p r e p a r a tio n operations, a method was configured
to perform certain actions. Operations call methods to create the outlet process streams and
determine their composition. In the present model the simple mass balance calculations for
each of the unit operations have been coded as methods for the respective classes. The
modular structure of the application means that more complex mass balance models can be
easily incorporated later. Equipment preparation operations call equipment methods, which
adjust the status o f the equipment resources attached to the task. The resources were
configured to behave as renewable and non-renewable resources as appropriate.
4.5 The cost objects and their behaviour
The calculation procedures to compute the capital investment and the cost o f goods can be
used after running the model o f the manufacturing process. Fixed and variable costs are
assigned to the resources allocated to the manufacturing activities. The cost of each
manufacturing activity is based on the costs incurred through the use o f the allocated
resources. The cost methods, associated with cost table objects, compute thç variable costs
based on the utilisation o f the material, operator and utilities resources. The fixed facilities
overhead costs are derived from the capital investment.
5. USING THE PROTOTYPE APPLICATION
The application has the basic building blocks to enable a model o f a particular manufacturing
process to be assembled at increasing levels o f detail. The following stages have been
identified for a user to simulate operation of a plant:
i. Initialize the c h e m ic a b - u n d - b io c h e m ic a ls components by cloning their representative
objects and placing them on the in itia liz e -c o m p o n e n ts workspace.
ii. Select the resources that are present in the company
prcduct-recipe detail
and put them in the r e s o u r c e p o o l.
in. Specify the specific attributes of each resource in
the r e s o u r c e p o o l eg. “maximum-utilization” and
'ihak«-b<k<“cost-attributes”.
Set up the task sequences in the product recipe
-ri) ■CCtH^-or(Figure 4) and ancillary recipes. The user, through
Tj; Tf^.o.rtorthe selection o f the number of subtasks and the
sophistication o f the models chosen to perform the
calculations, chooses the level o f detail required.
V.
Allocate the required resources to each task and
ii)
specify their “utilization”. The level o f detail
TMEU4M
4.'
_________iij
adopted to model a task determines the degree of
complexity in which the associated resources are
represented
VI.
Input the parameters in the mass balance tables of
the tasks.
Figure 4: An example o f using
Run the simulation and view where resource the prototype application to
V I I.
bottlenecks occur as well as the output mass balance
assemble a model
and cost of goods results.
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After a particular case is set up the impact o f different production strategies on the process
performance, resource demands and bottlenecks, and the resultant cost o f goods can be
evaluated. The hierarchical representation o f a manufacturing process permits users to
prototype a process at the required level o f detail and to perform a series o f "what-if
scenarios” rapidly. Consequently, users can perform strategic, tactical and operational
analysis according to their goals.
6. CONCLUSIONS
The development o f a prototype application has been presented, which provides a framework
for modelling the operation o f a biopharmaceutical manufacturing plant at various levels of
detail. Its use to assemble models and evaluate the effects o f different production strategies
has been indicated. Future work will concentrate on two main areas. Firstly the knowledge
within the application for computing mass balances and economic calculations will be
enhanced to allow more rigorous modelling o f these features. Secondly, case studies that
analyse different manufacturing routes vrith respect to their relative operational and financial
benefits will be carried out. They will serve to illustrate how the prototype application can be
used to achieve more cost-effective planning o f production.
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A T ool fo r M o d e lin g S tr a te g ic D e c is io n s in C ell C u ltu r e
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The developm ent o f a prototype tool for modeling m anufacturing in a biopharm aceutical
plant is d iscu ssed . A hierarchical approach to m odeling a m an u factu rin g process h as
been adopted to confer m axim um u ser flexibility. The u se o f th is fram ew ork for
a ssessin g th e im pact o f m an u factu rin g decisions on strategic tech n ical and b u sin ess
indicators is dem onstrated via a case study. In the case study, w hich tak es th e exam ple
of a m am m alian cell culture process deliverin g a th erap eu tic for clinical tria ls, th e
dynam ic m odeling tool in d icates how m anufacturing options affect the d em an d s on
resources and th e associated m anufacturing costs. The exam p le illu str a tes how th e
décision-support softw are can be u sed by biopharm aceutical com p an ies to in v estig a te
the effects o f w orking tow ard different strategic goals on th e co st-effectiv en ess o f th e
process, prior to com m ittin g to a particular option.

1. I n tr o d u c tio n
There exists an increasing em phasis to reduce the cost
of goods for biopharmaceutical drug candidates while
compressing drug development time scales. Current
estim ates for the total development time of a biopharma
ceutical drug fall in the range of 5 - 1 2 years, with an
average of 7 years (7 -3 ). Once a potential new drug has
been identified and undergone anim al tests, it is sub
jected to three phases of clinical trials to ensure it is both
safe and efficient in achieving its claimed therapeutic
effect. A summary of the key features of these preclinical
and clinical phases is provided in Table 1. E stim ates of
the cost of development range from $10 to $250 million
( 2 , 4, 5 ) to up to $500 million (3). An additional obstacle
that the biopharmaceutical industry faces is that the risk
of failing to bring a new entity to market is increasing
because of the impact of more stringent regulatory
requirem ents, the greater investm ent needed, and in
creased competitive pressures (7). The 1996 figures from
the Tuft Center for the Study of Drug Development reveal
that only 23% of drugs entering clinical trials become
marketed drugs ( 8 ). Other authors provide slightly more
optimistic success rates from Phase I to launch of 34%
( 2 ) and 67% (9). Given the tim e, cost, and risk associated
with drug development, it is clear that biopharmaceutical
companies need to have a portfolio of drugs in the
pipeline to remain viable. However, this poses tough
operational issues, covering challenges in product and
process development, corporate administration, human
resources, and facilities (3).
Biotech companies face problems in addition to those
outlined above since both preclinical and clinical trials
are underpinned by a necessity to produce sufficient
* E-mail: s.farid@ucl.ac.uk.
■The Advanced Centre for Biochemical Engineering, Depart
ment of Biochemical Engineering.
* Department of Computer Science
10.1021/bp0001056 CCC: $19.00

quantities of the prospective drug for evaluation. D e
pending on the biopharmaceutical product, th is could
require milligram to gram quantities for preclinical and
clinical trials. Commercial production may require hun
dreds of grams to over a kilo of the product. Process
development, m anufacturing, and good m anufacturing
practices (GMP) all pose difficult decisions for biotech
firms, especially em erging companies. For example, the
decision either to produce clinical supphes in-house, using
existing facilities or building a new facility, or to use
contract manufacturers is affected by several factors.
These include the phase of the clinical trial, the scope
and cost of facilities needed for process developm ent and
commercial production, compliance of a facility with GMP
issues, and compliance w ith unique biotech facility
validation requirem ents for such factors as air handling,
cross contamination, and m ultiuse facilities. No system 
atic methods currently exist to help in th is process.
Historically, companies have tended to focus process
optimization efforts after a drug has successfully reached
the end of Phase II so as to avoid large capital expendi
tures on ultim ately unsuccessful drugs. Some companies
may m eet clinical demands w ith an inefficient process
in an attem pt to avoid delays in reaching the market.
For example, Amgen (Thousand Oaks, CA) based their
large-scale production of Epogen on roller bottles to avoid
the delays of scaling up to conventional ferm enters ( 10,
11). This has been possible thus far since successful drugs
have been able to command significant price prem ium s
and so m anufacturing costs were sm all relative to
revenues ( 12 ). However, this is becoming increasingly
unacceptable as less pricing flexibility, higher costs, and
shorter product life cycles are pressurizing pharm aceuti
cal and biotech companies. Hence fast, efficient, and
effective methods to achieve process developm ent are
required that do not compromise on tim e to m arket but
instead accelerate it.
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Table 1. Summary of T esting Phases a Potential Biopharm aceutical Drug Has To U ndergo
clinical trials
preclinical testing
years
test population
purpose

1 -5

laboratory and
animal studies
assess safety and
biological activity

Phase I

Phase III

Phase II

0 .5 - 2
2 0 -8 0

1 -3
1 0 0 -3 0 0

1 -5
1 0 0 0 -3 0 0 0

healthy volunteers
determine safety
and dosage

patient volunteers
evaluate effectiveness

patient volunteers
confirm effectiveness, minor adverse
reactions from long-term use

The goal of achieving cost-effective process develop
as BioPro D esigner (19), now a subset of SuperPro
ment relies on the ability to improve rapidly process
Designer (Intelligen, Inc., Scotch Plains, NJ). However,
performance and enhance the management of operations
such packages do not support dynamic resource allocation
in the plant. On the process front, improvements in
to monitor workflows and expose bottlenecks. In addition
technical performance, such as higher product yields, can
their use is often restricted to the built-in models, with
be achieved by adapting the sequence of operations, the
no option for user-defined models, and is severely limited
equipment specifications and operating conditions, and
in terms of their predictive capabilities. Consequently,
examining the effects on the properties and composition
at present no package allows both accurate process
of the process and the batch cycle time. On the business
modeling and effective décision-support so as to make
front, enhancements in the management of operations
bioprocess decisions sim ultaneously to resource planning
require an analysis of the scheduling of operations, the
and project costing.
utilization of resources such as personnel, equipment and
1.2. P a p e r L a y o u t. The remainder of the paper is
utilities, the overall productivity, and the cost of goods.
structured as follows. In Section 2 the tool architecture
The need for software tools, capable of capturing both
is outlined, providing a brief introduction to the concep
the requisite process and business knowledge, is becom
tual hierarchical framework and its implementation in
ing critical to achieving these goals. The development of
an object-oriented programming language. A case study
such a tool and its apphcation to the production of cell
is then presented to highlight specific functions of the
culture derived products is the topic of this paper, which
tool that can help biopharmaceutical companies make
focuses on how a closer integration of bioprocess and
business decisions about their manufacturing operations
business process m odeling can help address the indus
(Section 3). Finally, a summary is provided in Section 4.
try’s needs.
1.1.
C h a lle n g e s o f M o d elin g B io p h a r m a c e u tic a l
2. T o o l A r c h it e c t u r e
M a n u fa ctu re. In the past process modeling has usually
2.1. M o d elin g A p p ro a c h . The framework introduces
been treated separately from the modeling of business
a hierarchical approach to represent the key tasks in a
issues. Process m odeling has traditionally focused on
manufacturing process (Figure 1). Similar hierarchical
creating m athem atical relationships between variables
decompositions have also been employed by researchers
to describe the technical performance of unit operations.
at the Advanced Centre for Biochemical Engineering at
This involves calculating m ass and energy balances and
UCL to represent all of the phases of drug development
analyzing sensitivity to changes in assumptions or pa
(20). The framework presented in this paper extends the
rameter values. Process models are usually created using
hierarchy further to look more specifically at manufac
spreadsheets or general -purpose simulators equipped
turing operations. The hierarchical framework is modular
with numerical solving techniques. Examples include the
and extensible, allowing further levels of detail to be
use of SPEEDUP (Aspen Technology, Inc., Cambridge,
added as required. Hierarchical modeling confers maxi
MA) (13, 14), Matlab (The MathWorks, Inc., Natik, MA)
mal flexibility since it perm its tasks to be modeled at
(15), and Labview (National Instruments, Austin, TX)
different levels of details, according to the goals of the
(16) to model downstream unit operations. The complex
user. U sers interested in obtaining an overview of the
ity of describing biotechnical processes has encouraged
key performance metrics in the process may simply model
the application of artificial intelligence techniques, such
the higher level activities. However, when more accurate
as knowledge-based expert systems and neural networks,
estimates are required, users can exploit the hierarchical
particularly for process control (17).
decomposition to model the lower level activities. As
Business process m odeling addresses strategic issues
illustrated in Figure 1, the hierarchy is configured so that
such as project costing, production planning, scheduling,
the product-handling tasks and ancillary tasks are mod
and project management. Traditional planning methods
eled separately. This w as found to be more flexible
include spreadsheet-based planning and commercial
considering that often equipment, media, and buffer are
m aster production schedule systems. However, these
prepared prior to, or concurrent with, the activities that
methods are difficult to m aintain and provide no decision
are directly handling the batch of final product.
support. Puigjaner and Espuna (18) provide further
The modeling approach adopted allows modelers to
aspects of batch process industries, such as biopharma
capture effectively both the process and business knowl
ceuticals, that standard resource planning tools cannot
edge of a manufacturing process. During data gathering,
handle. The lim itations of these system s has led to their
the model layout serves as a vehicle for communication
being used as registrative system s in the process indus
between different departments within a company such
tries, leaving a gap between the automated batch process,
as process development, manufacturing, accounting, and
process management system s, and these logistic informa
management. Consequently, the process of developing the
tion system s (18). More recently object-oriented tech
model also aids in providing understanding about how a
niques have been introduced to address the need for
process really operates. The sim ulation results can then
intelligent decision support tools to improve planning
be used to build consensus among decision-makers.
speed and optimize quality.
So far most of the attem pts to integrate these two types
2.2. Im p le m e n ta tio n . The framework w as encoded
of m odeling have produced simulation packages that
into ReThink version 3.1 (Gensym Corporation, Cam
carry out mass and energy balances and costing, such
bridge, MA) that runs as a layered application on top of
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F igure 1. The hierarchical representation of biopharmaceutical
manufacture. The representation enables tasks to be modeled
at different levels of detail, according to the goals of the user.

G2, a graphical object-oriented programming environ
ment. Since the necessary building blocks specific to
biopharmaceutical manufacture are not part of the basic
tool set provided by ReThink, it was necessary to custom
ize ReThink to model the processes of biopharmaceutical
manufacture.
The three m ain constructs identified to specify a
manufacturing process were the tasks (e.g., fermentation,
media preparation), the resources (equipment, materials,
utilities, staff), and the process streams. These were
represented as objects that belong to a class defined by
a set of attributes and methods describing its functions
and classified into class hierarchies to allow inheritance
of common properties and behavior. Examples of the
representation of tasks and resources are depicted in
Figures 2 and 3 and discussed below.
The representation of a fermentation task block with
its attribute table is illustrated in Figure 2. The attribute
table indicates that information about the outlet streams,
m ass balance, duration, and cost of the task need to be
specified. W hen setting the duration of the task, the user
can specify the duration to follow a particular distribution
such as a random Normal distribution. The mean dura
tion of the task and its standard deviation m ust then be
provided. This powerful feature allows variability in
processes to be captured. Regarding the m ass balance
inputs, the user m ay select different m ass balance
calculation methods for the fermentation task according
to the level of sophistication desired. For example, at a
certain level of detail it w ill be sufficient to model the
performance of unit operations such as fermentation
using models based on simple yield relations; whereas
w hen more rigorous and predictive evaluations are
required, kinetic models may be selected for fermentation
tasks. Each m ass balance calculation method has an
associated data table. The data table for a simple mass
balance method for fermentation is illustrated in Figure
2. This highhghts that the simple mass balance method
is based on the m ass stoichiometry and the product titer
being specified.

Figure 3 shows an example of the representation of a
fermenter resource w ith its attribute table. The number
of 200-L fermenters available is specified as the “m axi
mum utilization” of the resource. Equipment resources
also have been given additional attributes such as
“equipment status” (“clean”, “dirty”, “sterile”). The status
attribute provides an additional constraint on the avail
ability of equipment and perm its tasks to specify the
equipment status they require to function. For example,
a fermentation task block requiring a “ sterile” fermenter
will only become active if the fermenter resource allocated
to it has the correct status. Equipm ent resources have
also been assigned the attribute “purchase-cost” to permit
calculation of the capital investm ent emd depreciation
used to compute the cost of goods.
Each task calls procedures to compute the m ass
balance and cost calculations and perform appropriate
actions such as cleaning. For example, the equipment
class has a generic cleaning m ethod to change its status
from dirty to clean. Since objects are arranged in a class
hierarchy, subclasses of equipment, such as fermenters,
inherit this cleaning method. A key to the creation of this
prototype tool was the use of inheritance of attributes
and methods in class hierarchies as demonstrated above.
This helped to minimize development efforts signifi
cantly.
The object-oriented representation of the key objects
and their properties and behavior provides full access to
the base language and hence facilitates incorporation of
new or changed requirements once im plem entation is
underway. It also encourages the development of weUmodularized applications.
An additional feature of the tool is its graphical user
interface depicted in Figure 4. This sim plifies rapid
prototyping of specific cases since it is highly interactive
and provides visualization of the various manufacturing
levels. The graphical representation of part of the product
manufacture recipe is shown on the left-hand side of
Figure 4. The sequence of blocks commences with a start
block and ends "with a sink block. The rem aining three
blocks represent the tasks required during upstream
processing, namely, inoculum grow-up, seed fermenta
tion, and production fermentation. The circular objects
attached to each block represent the resources allocated
to it and necessary for its completion. For example, the
figure dem onstrates that the inoculum grow-up task
requires media, a fermenter, and two types of operator.
On the right-hand side of Figure 4 the multiple resource
pools are shown. In the snapshot the animated graphical
icons indicate that the inoculum grow-up task is active
and the resource pools currently being used are shown
in red.
2.3. Inputs and Outputs. The object-oriented repre
sentation makes it easier to transform rapidly knowledge
about a process into a graphical model that is easy to
understand and use. The user generates models of a
manufacturing process by simply cloning the customized
objects (e.g., fermenter resources, fermentation tasks)
from palettes and dropping them onto workspaces. The
objects’ attributes are then configured for the specific
case, and the task blocks are connected together to create
a running model.
The key inputs and outputs to the modeling tool are
discussed below and summarized in Figure 5. Setting up
a specific manufacturing case starts with the specification
of the resources within the plant and their capacities.
The resources include staff, equipment, m aterials, and
utilities. This specification provides the initial constraints
on resource availability for use in the manufacturing
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process. The task sequences are then defined for each of
the recipes to m ake the product, prepare the interm edi
ates, and prepare the equipment. The user determ ines
the level of m odeling detail through the selection of the
number of su b task s and the sophistication of the models
chosen to perform the calculations. The resource require
ments to execute the recipes are configured by allocating
the resources to the tasks and specifying their utilization.
The model compares these resource demands against the
resource availability and schedules when resources can
be used. The level of detail adopted to model a task
determ ines the degree of complexity in which the associ
ated resources are represented. For example, the task
“m anufacture product A” might employ “production line
X”; but w hen the task is modeled in greater detail each
constituent operation w ill employ the associated equip
m ent resource. F inally it is necessary to input the
param eters for the m ass balance and cost calculations.
After a particular case is set up the impact of different

production strategies on the process performance, re
source utilization, and bottlenecks and the resultant cost
of goods can be evaluated.
One of the key performance metrics to compare differ
ent production strategies is the cost of goods. The tool
employs the model indicated in Table 2 to calculate the
cost of goods (COG). The COG model is derived from
those typically found in chemical engineering textbooks
( 21 )
but has been adapted to reflect the extra costs
associated w ith current good m anufacturing practices
(cGMP) for biopharm aceutical plants. The cost of goods
is defined as the direct manufacturing cost, thus exclud
ing general expenses such as sales and adm inistration
costs. The direct (variable) costs are computed on the
basis of the utilization of the material, utilities, and staff
resources. The indirect costs (fixed overheads) are derived
from the capital investm ent. Since the tool is intended
for evaluating the effects of different production strate
gies it w as found to be more useful to base the staff costs
on their utilization rather than considering them as a
fixed annual salary-based cost. The fixed overhead costs
were allocated to a project on the basis of its occupancy
tim e in the m anufacturing plant. In addition to calculat
ing the cost of goods on a cost category basis, the tool
also calculates the direct cost of goods on a task basis.
Costs are assigned to the resources allocated to the tasks.
The cost of each manufacturing task is based on the costs
incurred through the use of the allocated resources,
excluding equipment. Hence the tool provides a clear
linkage between m anufacturing activities and their a s
sociated direct costs. View ing costs on a un it operation
basis can be more useful to a process developm ent team
since it highlights where to focus cost reduction efforts.
These features of the approach are explored through the
following case study.

3. C a se S tu d y
3.1.
S et-U p . A hypothetical case study that compares
different manufacturing options will now be presented
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to illustrate the functionality of the tool. The example is
based on a start-up company w ishing to generate high
value therapeutics using mam m alian cell culture pro
cesses. The company is considering w hether to invest in
a conventional pilot plant based on stainless steel equip
m ent or to opt for a pilot plant utilizing disposable
equipm ent. Such a decision requires an appropriate
balance betw een running costs and capital investm ent
be made. Increasing interest in the use of single-use
disposables can be attributed to the flexibility they offer
to m odulate capacity, the lower capital expenditure
required, and faster start-up times ( 22 ). In addition their
use m ay also translate into lower operating costs since
they arrive presterilized w ith the cleaning validation
complete.
The software tool was used to model the two scenarios
and compare the results. Table 3 sum m arizes the key
differences in the equipm ent and consumables require
m ents for the tasks in the product manufacture recipe.
The table also indicates whether equipm ent used by a

particular task required CIP (cleaning-in-place) and SIP
(sterilizing-in-place) procedures. As indicated in the table,
in the disposables-based pilot plant the use of costly
stainless steel vessels in the cell culture stages was
avoided and replaced with disposable equivalents. For
the primary recovery stage, the centrifuge w as replaced
with a microfiltration rig with disposable membranes. In
the purification stages the chromatography columns were
replaced w ith disposable prepacked columns. For each
stage, the use of disposable equipm ent elim inated the
need for CIP and SIP procedures.
The two scenarios were set up for running a single
campaign composed of 1—3 batches depending on product
demand. In this case study th e start-up tim e for plant
construction and equipm ent installation w as not incor
porated in the models. The study focuses on sim ulating
the manufacture of batches of product. The two scenarios
were run independently, and th e results were compared
at the end of the sim ulations. The performance metrics
used to compare the two m anufacturing options were the
cost of goods and the demand on resources. In each case
the m ass balance models for the un it operations in the
product recipe generated the sam e overall product yield.
3.2.
S im u la tio n R e s u lts a n d D is c u s s io n . The cost
outputs generated by the tool on a cost category basis
are shown in Figure 6a and b for a stain less steel pilot
plant and a disposables-based pilot plant, respectively.
Each figure shows the cost of goods per gram (COG/g) as
a function of the number o f batches per campaign.
Examining the stainless steel case indicates th at the
COG/g is dominated by the m aterial and fixed overhead
costs for single batch campaigns. As the number of
batches per campaign increases the COG/g drops since
subsequent runs do not incur extra costs for consumables
such as filters. In contrast for the disposables case, the
COG/g is invariant to the number of batches per cam
paign. Here, the m aterials cost dom inates the COG/g as
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Table 2. C o st o f G ood s M od el in T ool
value

cost category

/■(utilization)

direct
indirect raw materials
direct utilities
operating labor
supervisors
quality control/quality assurance
general m anagem ent
indirect

direct raw materials
0.5 * direct raw materials
/■(utilization)
/■(utilization)
0.2 * operating labor
0.2 * operating labor
0.5 * operating labor
maintenance

local taxes
insurance
depreciation

0.02 * capital investm ent * project duration (years)
0.01 * capital investm ent * project duration (years)
capital investment/depreciation period *
project duration (years)
cost per unit area per year * facility size *
project duration (years)

general utilities

0.1 * capital investm ent *
project duration (years)

total

cost of goods

T ab le 3. K ey D iffe r e n c e s in In p u ts to C ase S tu d y
200-L stainless steel pilot plant
step

equipment

consumables

inoculum grow-up
seed fermentation
production fermentation
clarification
concentration
purification
purification

shake flasks
20-L SS fermenter
200-L SS fermenter
disk-stack centrifuge
UF rig
column, chrom. rig
column, chrom. rig

Pellicon cassettes
protein A matrix
IE matrix

(a)

COG/g
(arb itrary

units)

1

2

3

No. of b a tc h e s / c a m p a ig n

(b)

COG/g
(arb itrary
u n its)

□ fix ed o v e r h e a d s

□ staff
I

1

2

raw maferials& direct
utilities

3

No. of b a tc h e s / c a m p a ig n
F ig u r e 6. The cost of goods per gram (COG/g) on a cost category
basis for (a) th e sta in less steel pilot plant and (b) the dispos
ables-based pilot plant, each assum ed to produce the sam e yield
per batch. The graphs have th e sam e scale and are comparative.

m ight be expecteid. The fixed overhead costs contribute
far less significantly to the cost of goods. This reflects
the lower capital investm en t required for a disposablesbased pilot plant. In this hypothetical case study one may
conclude that if the start-up company has to manufacture
drug candidates m ainly for Phase I and II clinical trials,
which m ay only require single batch campaigns, dispos
ables offer a slightly lower COG/g. However, if the

200-L disposables pilot plant
CIP

SIP

-t-f
-1-

-t-t4-t-

+
+
+
+

equipment

consum ables

CIP

SIP

MF rig
UF rig
chrom. rig
chrom. rig

disposable roller bottles
20-L disposable fermenter
200-L disposable ferm enter
Pellicon cassettes
hollow fiber cartridges
prepacked column
prepacked column

-

-

company has several m ultiple batch campaigns, a re
quirem ent for drugs manufactured for Phase III clinical
trials, the disposables-based plant would be more expen
sive to operate. Clearly the company would face a tradeoff
between the higher COG/g and the lower capital in vest
m ent and faster setup time.
Figure 7 shows the direct cost of goods per gram for
each of the m anufacturing task s during a campaign
composed of three batches. This reflects the cost of the
material, u tilities, and sta ff allocated to each task,
thereby providing the capability to view where th ese
resource costs are concentrated. The figure indicates th at
the inoculum grow-up and chromatography steps are the
m ost expensive in both the sta in less steel plant and the
disposables-based plant. The major contributor to the cost
of this chromatography step is the cost of the Protein A
matrix, which tends to distort the cost distribution. This
im plies th at the process developm ent team m ust have
good processing reasons to defend the use of such an
expensive step. The higher chromatography costs in the
disposables-based plant are due to the use of a new
prepacked column for each batch run. The high cost of
the inoculum grow-up step is prim arily because of its
lengthy duration and the associated labor demand over
this time. A closer exam ination of the costs illu strates
th at the CIP and SIP costs are significant relative to the
remaining unit operations in the stain less steel plant and
are eliminated in the disposables-based plant. The above
analysis highlights the benefits of presenting costs on a
task basis to draw attention to details th a t m ay not be
transparent w hen view ing costs on a cost category basis.
The tool also generates utilization curves for the
resources. Figure 8a and b show the combined media and
buffer utilization over tim e for each pilot plant for both
the product manufacture recipe and the equipm ent
preparation recipes (CIP, SIP). Here media refers to
ferm entation media and buffer refers to the solutions
used during the equilibration, w ash, and elution stages
of chromatography and to the CIP solutions. The figures
highlight the greater demand on buffer in a stain less
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Direct COG/g
(arbitrary
units)
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Cl P 's
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Task
!□ stainless steel pjant Bdisposables-based plant.
F ig u r e 7. The direct cost of goods per gram (COG/g) on a task basis for a cam paign composed of three batches.
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F ig u r e 9. The current utilization of operators over tim e for
the sta in less steel pilot plant for a cam paign composed of three
batches as in Figure 7.
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F ig u r e 8. The com bined utilization of m edia and buffer over
tim e for (a) the sta in less steel pilot plant and (b) the disposablesbased pilot plant for a cam paign composed of three batches as
in Figure 7. The peaks in the stain less steel plant correspond
to the high buffer dem ands in cleaning-in-place (CIP) steps,
w hich are ab sen t in th e disposables-based plant.

steel pilot plant th at can be attributed to the need for
CIP procedures in addition to the tasks involved in the
product m anufacture recipe. A simplification for the case
study was th at m edia and buffer arrived ready-made to
each plant. This is certainly appropriate for the dispos
ables-based plant since they could arrive presterilized in
bags ready for use. However, in a stainless steel plant,
it is more likely th at these m aterials would be prepared
in-house. C onsequently, the utilization curves indicate
th at more m edia and buffer preparation steps are re
quired in a sta in less steel plant. This would further
accentuate the differences in cost of goods between the
two cases.
A final feature th at w as considered was the utilization
of operator resources. An example of the demand on all
of the operators in th e stain less steel plant is illustrated
in Figure 9. The custom ized “current-utilization” curve
for the operator resources highlights the level of peak
demands and w hen they occur. Examination of this curve
indicates that, typically, a maximum of four operators is
used at any tim e in the process. The demand on operators
is interm ittent. The “average utilization” of all the

operators was also probed. This m easures the total
amount of tim e that a resource is allocated to a task,
compared to the duration of the m anufacturing cam
paign. The average utilization for this scenario w as 3.3
operators. These data would enable a company to deter
mine the appropriate resource pool (operators) suitable
for carrying out the m anufacturing task s efficiently.
A lternatively the current utilization data allows the
company to identify periods during m anufacturing when
an operator resource is under-utilized and can be freed
up for other tasks. The utilization m etrics therefore
provide insight into how efficiently the process is using
the operators and can help prompt reorganization of
resources and tasks to m axim ize resource utilization so
as to improve throughput and productivity.

4. C on clu sion s
The developm ent and application of a prototype tool
has been presented, which provides a unique architecture
for modeling the operation of a biopharmaceutical m anu
facturing plant at various levels of detail. The tool
enables knowledge about a m anufacturing process to be
articulated clearly and shared among mem bers of a
company. This promotes understanding of how complex
manufacturing processes work and facilitates the analy
sis of alternative process designs. The combination of
interactive graphics, anim ation, object-oriented repre
sentation, and dynamic sim ulation creates a much more
flexible environm ent for m odeling processes than that
found in conventional process software tools. These
powerful features make it easier to develop rapidly easyto-use models that help visu alize the dynamic behavior
of existing and proposed process designs.
A case study w as used to illustrate the use of the tool
to address strategic m anufacturing decisions th at bio
pharmaceutical companies face. The example highlighted
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particular aspects of the functionality of the tool, namely,
to output the cost of goods, on both a cost category basis
and a task basis, and to view the effect of different
production strategies on the resource demands. Clearly
certain factors were omitted from the case study to
simplify implem entation and would have to be included
to perform a more realistic analysis. For example, the
incorporation of media and buffer preparation steps is
required to compare the impact not only on the resultant
cost of goods but also on the project duration and the
demand on resources, such as staff. In addition, the
impact of turnaround time w as not considered in the case
study, where faster turnaround times, possible w ith the
use of disposables, m ay increase time available for
production. Furthermore the issue of parallel processing,
which may expose more resource bottlenecks and affect
project durations and hence annual project throughputs,
was not explored. Such factors w ill be incorporated into
future developments of the prototype tool to extend its
capability to achieve more cost-effective production of cell
culture derived biopharmaceuticals.
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ERRATUM:
Table 2 should appear as shown below.

Cost category
DIRECT

INDIRECT

TO TA L

Value
direct raw materials

f (utilization)

indirect raw materials

0.5 * direct raw materials

direct utilities

f (utilization)

operating labour

f (utilization)

supervisors

0.2 * operating labour

quality control & quality assurance

0.2 * operating labour

general management

0.5 ♦ operating labour

maintenance

0.1 * capital investment * project duration (years)

local taxes

0.02 * capital investment * project duration (years)

insurance

0 .0 1 * capital investment * project duration (years)

depreciation

capital investment / depreciation period * project duration (years)

general utilities

cost per unit area per year * fecility size * project duration (years)
C O ST O F GOODS
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A décision-support tool is presented for modelling both the technical and business
aspects o f biopharmaceutical manufacture. The use o f the tool for risk analysis is
demonstrated through a case study that uses Monte Carlo simulation to imitate the
randomness inherent in manufacturing subject to technical and market uncertainties. The
analysis demonstrated the range in possible outcomes for the project throughput and cost
o f goods and the likelihood that these metrics exceed a critical threshold. The example
illustrates the benefits to companies o f using such a tool to improve management o f their
R&D portfolio to control the cost o f goods. Copyright 2001 CAB8
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1.

INTRODUCTION

improvement by process developm ent and effective
R&D portfolio management.

Accelerating the drug development process while
controlling costs is o f critical importance in the
biopharmaceutical
industry,
now
faced
with
shortened product life cycles due to increased
competition from generic drugs. The time that
com panies have to recoup their investment is
shrinking while the costs o f developing drugs is
rising (Gerson, et al., 1998). Hence to achieve an
acceptable
return
on
this
investment,
biopharmaceutical companies need to focus on
cutting down the cost o f drug development and
improving the overall time-to-market.

Managing an R&D portfolio to control the cost o f
goods is complicated by the fact that each project is
subject to technical and market uncertainties.
Incorporating the effects o f risk analysis helps
enhance the quality o f decision-m aking within a
company.
The need for computer-aided simulation tools,
capable o f capturing both the technical and business
aspects o f manufacturing processes, is critical for
such decision-making. In this paper a prototype tool,
developed at The Advanced Centre for Biochem ical
Engineering at University C ollege London (Farid, et
a i , 2000), is used to model biopharmaceutical
manufacture for clinical trial material preparation
under uncertainty.

Biopharmaceutical companies typically have a
portfolio o f drug candidates to manufacture for
clinical trials, but with finite resources, budget and
capacity. The cost o f manufactured goods is one of
the factors affecting the probability o f overall
corporate econom ic success that is capable o f
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Sample ou tco m es are random ly generated by using
the probability distribution for each uncertain
quantity and then utilised to determine a trial
outcom e for the model. R epeating this sam pling
process a large num ber o f times leads to a frequency
distribution o f trial outcom es for a desired measure
o f merit. T he resulting frequency distribution can
then be used to m ake probabilistic statements about
the original problem.

The rem ainder of the p a p e r is structured as follows.
In Section 2 a brief o verview o f decision-m aking
under risk is given. The prototype tool is described in
Section 3. In Section 4, a case study is presented to
illustrate how the tool can be used to help
biopharmaceutical
c o m p an ies
m anage
the
preparation of clinical trial material with fluctuating
dem ands, titres and market successes.

2.

D E A L IN G W I T H U N C E R T A IN T Y

The case study presented in Section 4 illustrates the
use o f the M on te Carlo simulation p rocedure to
imitate the ran d o m n ess inherent in biopharmaceutical
manufacture subject to fluctuating product demands,
titres and market successes.

Production o f material for clinical trials is a
m anufacturing area in w hich design strategies must
be evolved that pay particular attention to risk factors
that m ay impact cost and delivery time. The key
sources o f uncertainties affecting the manufacture o f
biopharmaceutical candidates are technical and
market related uncertainties. E xam ples o f such
technical uncertainties include the product titre
during fermentation, the purification yield and the
duration o f the m anufacturing tasks. Market
uncertainties can be characterised by fluctuating
clinical trial dem and s for material. Risk assessment
provides a m ethodology to estim ate the reliability of
outputs and to quantify the likelihood o f exceeding a
specified threshold.

3.

The prototype tool introduces a hierarchical approach
to represent the key tasks in a m anufacturing process.
It was created in R eThink Version 3.1 (G ensym
C orporation, Cam bridge, M A ), that runs as a layered
application on top o f G2, a graphical object-oriented
pro g ram m ing environment. Since the necessary
building blocks specific
to biopharmaceutical
m anufacture are not part o f the basic tool set
provided by ReThink, it was necessary to custom ise
R eThink
to
model
the
processes
of
biopharmaceutical manufacture.

1 here are num erous m ethods for taking uncertainty
into account. Sensitivity analysis is often employed
to determ ine the behaviour o f perform ance measures
to ± x% changes in each uncertain factor and hence
determ ine the stability o f the base case. For more
co m plicated problem s w h ere it is possible to estimate
probability functions for uncertain factors, M onte
Carlo simulation is a practical way o f determining
the im pact o f the project uncertainties. M onte Carlo
simulation
generates
ran do m
outcom es
for
probabilistic factors so as to imitate the random ness
inherent in the original problem. In this manner a
solution to a rather co m p lex problem can be inferred.
P roduct &
a n c illa r y
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Fig. 1. T he key inputs and outputs to the prototype tool and an exam ple o f the graphical user-interface o f the
tool.
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The key inputs and outputs to the modelling tool are
discussed below and summarised in Figure 1. Setting
up a specific manufacturing case starts with the
specification of the resources within the plant and
their capacities and costs. The resources include staff,
equipment, materials and utilities. This specification
provides the initial constraints on resource
availability for use in the manufacturing process. The
task sequences are then defined for each of the
recipes to make the product, prepare the
intermediates and prepare the equipment. The
resource requirements to execute the recipes are
configured by allocating the resources to the tasks
and specifying their utilization. The model compares
these resource demands against the resource
availability and schedules when resources can be
used. It is necessary to input the parameters for the
mass balance and cost calculations. Finally the
product demand is specified to determine the number
of batches required per campaign. After a particular
case is set up the impact o f different production
strategies on the process performance, resource
utilization and bottlenecks, and the resultant cost of
goods can be evaluated. When performing Monte
Carlo simulations additional inputs include the
probability distributions o f the uncertain factors, the
length of each simulation and the number of
simulations required.

4.

CASE STUDY

4.1 Set-up
A hypothetical case study that examines the impact
of fluctuations in key technical and market factors on
the cost of goods and throughput will now be
presented.
The
example
is
based
on
a
biopharmaceutical company with a portfolio of
antibody candidates to be manufactured for Phase 1
clinical trials. They have designed a pilot plant based
on mammalian cell culture processes for clinical trial
material production. The company wishes to estimate
their annual cost of goods and throughput, in terms of
the number o f campaigns, and determine the impact
of key risk factors.

Table 1 specifies the key uncertainties considered,
together with estimates of their discrete probability
distributions.

distributions
Risk factor
Product titre

Possible values
O.IOg/L
0.25 g/L
0.40 g/L
0.55 g/L
0.70 g/L

Probability
0.1
0.2
0.4
0.2
0.1

Product demand

15g
30g
45g
60g
75g

0.1
0.2
0.4
0.2
0.1

Market success

true
false

0.25
0.75

The titre defines the grams of product expressed per
litre of fermentation broth and significantly
influences the manufacturing costs as it determines
the number of batches required to satisfy the product
demand. Typical antibody titres in batch cultures are
0.1-0.5g/L (Walsh, 1998). However, higher antibody
titres in the order of 1-3 grams per litre have been
reported using fed-batch cultures of mammalian cells
(Birch, et al., 1995; Bibila and Robinson, 1995; Xie
and Wang, 1996). Six representative titres were
therefore selected to represent typical titres at Phase
1 clinical trials, considering that titres in the order of
grams per litre were unlikely at this stage since they
require optimization of feeding strategies which may
not be a priority at such an early stage. The titres
were assumed to follow a discrete normal distribution
as indicated in Table 1.
Demands for Phase 1 clinical trials vary from
milligram quantities to tens of grams (Walsh, 1998)
depending on the cumulative dose of the drug and the
number of patients in the trial. The amount of
product that needs to be manufactured must take
account of both uses of the drug candidate. Nonclinical usage addresses quality control and
validation issues, such as the need for in-process
samples, release and stability samples, and retain
samples. Projections of investigational product
requirements can be made assuming a 25-300%
excess over the actual subject usage is necessary for
non-clinical uses (Bernstein and Hamrell, 2000). The
values selected for the manufacturing product
demands were assumed to follow a discrete normal
distribution.

The key assumptions are given below. The pilot plant
has a single production train to handle the portfolio
of projects for clinical trial material preparation. It
has been designed assuming a typical product titre of
0.4 g/L, which yields 45g of product per batch after
purification. It is initially assumed that a typical
product demand for Phase 1 clinical trials is 45g and
hence single batch campaigns produce enough
material to satisfy the demand. The plant operates
seven days a week and 48 weeks a year with a
turnaround time o f four days between campaigns.
The purification process is principally based on
chromatographic and filtration techniques. The cost

-

inputs were determined from literature or vendor
sources.
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A n additional uncertainty is w hether a drug candidate
in d ev elop m ent will reach the market. T he 1996
figures from the T uft C enter for the Study o f D rug
D e v e lo p m e n t revealed that only 23% o f drugs
entering clinical trials becam e marketed drugs
(B reggar, 1996). O ther authors provide slightly more
optimistic success rates from Phase I to launch of
34 % (M ackler and G am erm an , 1996) and 67%
(Struck, 1994). For this analysis the probability of
market success was assu m ed to be 25%.
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T h e prototype tool was used to model the
m an ufacturing activities within the pilot plant
capturing both the technical and business aspects of
the process. Each sim ulation lasted 48 weeks and the
key perform an ce m easures were the cost o f goods per
gram, the nu m ber o f cam p aign s squeezed out o f the
plant and the n u m b e r o f drug candidates that reach
the market. H av in g validated the results o f a single
simulation, several simulations were performed to
characterize the variability in the key performance
measures due to uncertainties in the product dem and,
titre and market success. Frequency distributions of
the p erform ance m easures were generated.
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a n n u a l p roject th r o u g h p u t

Fig. 3. The frequency distribution and cumulative
frequency curve for the annual throughput o f
Phase 1 m anufacturing projects.
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4.2 S im u la tio n results a n d discussion
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The direct cost o f go od s per gram for each o f the
m anufacturing tasks d uring a single batch cam paign
is illustrated in Figure 2. This indicates that in the
base case (titre = 0.4g/L, dem an d = 45g), the cost o f
material, utilities and staff resources are concentrated
in the c h ro m ato g rap h y steps. The figure also
dem onstrates that the ancillary tasks, such as
cleaning-in-place (C IP) procedures, consum e a
significant a m ou nt o f resources. Such details may not
have been transparent to the co m pa ny before such an
analysis; p resenting costs on a task basis helps to
focus cost reduction efforts on specific tasks.
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a n n u a l p roject m a r k e t s u c c e s s e s

Fig. 4. T he frequency distribution and cumulative
frequency curve for the annual num b er of
com pleted Phase 1 projects expected to reach
the market.
assum e that the typical nu m ber o f cam p aign s they
can push through their facility in a year is seven.
H ow ever, accounting for uncertainties in de m an d and
titre yields the frequency distribution and cumulative
frequency curve show n in Figure 3. T he figure
illustrates that both the modal and median throughput
are five campaigns. In addition it can be seen that the
probability o f achieving a throughput o f seven
cam paigns is only 2%. T his highlights the dan ger o f
using deterministic outputs for dec ision-m aking in
processes that are inherently random .

From the base case, it is tem pting to extrapolate its
outputs to estim ate the project throughput in the
plant, for example. G iven that the base case may
represent a typical scenario, the com pany may

30
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cost of g ood s 20
per gram (%)

u jJL j l

I

E x am ination o f the frequency distributions for the
products that reach the market, show n in Figure 4,
can help to determ ine w hether attempts to im prove
the throughput are necessary. The data in figure 4
indicates that the probability o f getting greater than a
single pro duct to market is only 20% and that the
m a x im u m n um b er o f prod uct successes is only three.
T o assure
the probability that each
y e a r’s
dev elop m en t efforts yield at least tw o product
successes, the c o m p a n y ’s m inim um th roughput will
need to be five cam paigns. Since the risk o f failing to

.j J L - = - L

Fig. 2. The direct co st o f goods per gram on a task
basis for a single batch cam paign
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developm ents o f the tool include extending its
capabilities to assess the im pact o f uncertainties on
profitability indicators such as the net present value
(NPV). Such simulation-based risk analysis becom es
even more useful w hen c om parin g alternative
manufacturing strategies. Future work will address
examples o f these, such as c o m p arin g the benefits o f
investing in a pilot plant utilizing disposable
equipm ent as opposed to stainless steel equipm ent.

m anage at least five cam p aign s is 55%, the com pany
may co nsider investigating the trade-off betw een
increased process dev elo pm e nt efforts to increase the
titres and the associated cost and time penalties.
O ther options include determ ining the cost benefit o f
increasing the capacity o f the plant or deciding
criteria when project rejection or termination is
desired.

12

100%

10

80%

u
c

60%

S"
p

40%

.Ë

20%

1

I 6
.r 4

0%
1

3

5

7

9

11

13

ACKNOW LEDGEMENT
Financial support from the B iotechnology and
Biological Sciences R esearch C ouncil (B B S R C ) and
L onza Biologies is gratefully a cknow ledged.

g

REFERENCES

15

a n n u a l cost o f good s p er gram
(a rb itra rv u n its )

Bernstein, D. F. and M. R. Hamrell (2000).
Integrating drug supply issues with strategic
preclinical and clinical d evelopm ent. D rug Inf.
y., 34, 909-917.
Bibila, T. A. and D. R. R ob inson (1995). In pursuit
of the optimal fed-batch process for monoclonal
antibody production. B iotechnol. P rog., 11, 113.
Birch, J R., J. Bonnerjea, S. Flatman, S. V ranch,
(1995). Production o f m onoclonal antibodies. In
M onoclonal
a n tibodies:
P rin ciples
and
Applications. (J. R. Birch, E. S. Lennox,, Ed.),
pp. 231-265, W iley-Liss, Inc., N e w York.
Breggar, M. M .(1996). N avigating regulatory maze
requires a proactive strategy. 1996 G EN G uides
E ditorial, 277-8.
Farid, S., J. L. Novais, S. Karri, J. W ashb ro o k, N. J.
T itchener-H ooker (2000). A tool for modelling
strategic decisions in cell culture manufacturing.
Biotechnol. P rog., 16, 829-836.
Gerson, D. F. G., V. H im es, R. H opper, L. K handke,
F. Kohn, A. K om otar, P. Krum m , J. M achulski,
A. W eisser and S. S ciotto-B row n (1998).
T ransfer o f processes from d ev elo p m en t to
manufacturing. D rug Inf, J., 32, 19-26.
Mackler, B.F.; G. E. G a m e rm an (1996). A
perspective on global approval strategies in the
1990s. 1996 G EN G u ides E ditorial, 264-6.
Struck, M. M. (1994). B io p harm aceutical R & D
success
rates
and
d evelo pm ent
times.
B io/Technology 12, 6 75-677.
W alsh, G. (1998). B ioph arm aceu ticals: B iochem istry
and b iotech n ology. C hap. 2, Chap. 10, John
Wiley: Chichester.
Xie, L. and D. I. C. W a n g (1996). High cell density
and high m onoclonal antibody production
through m edium design and rational control in a
bioreactor. B iotechnol. B ioeng., 51, 725-729.

Fig. 5. The frequency distribution and cumulative
frequency curve for the annual cost o f goods per
gram.
The cost outputs generated by the M onte Carlo
simulations are depicted in Figure 5. This highlights
that although the frequency distribution is positively
skew ed, the dispersion o f the cost o f goods per gram
o utco m es is considerable. These results can be used
to determ ine the likelihood o f exceeding a particular
cost o f goods. The threshold value may be dictated
by the present R & D budget in the co m p any or by
con siderin g the future worth or profitability o f the
c o m pany. T hese outputs draw attention to the need to
reduce the variance in the cost of goods per gram.
T he a bove analysis o f the outcom es o f the M onte
C arlo
simulation
highlights
the
benefits
of
incorporating
uncertainties
when
evaluating
m an ufacturin g and portfolio m anag em ent strategies.
T he inform ation generated by the simulation studies
can provide key support to decision-m akers.

5.

C O N C L U S IO N S

T he application o f a prototype décision-support tool
for modelling the operation o f a biopharmaceutical
m anufacturing plant un d er uncertainties has been
presented. T he effect o f fluctuating product dem ands
and titres on the p erform ance o f a biopharmaceutical
c o m p a n y m an ufactu rin g clinical trial material were
analysed
using
the
M onte
Carlo
simulation
technique. T he im pact o f these uncertainties on the
cost o f goods and annual project throughput was
determ ined. Effective use o f the simulation outcom es
can lead to concentrated R & D efforts, more effective
use o f resources, faster time-to-m arket and im proved
overall corporate eco no m ic performance. Further
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