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Perspective

Innovations in the biomanufacturing industry are predominantly incremental in nature, 
but there are occasional major technological shifts that occur as existing technolo-
gies reach their limits and as additional constraints are imposed by market forces or 
regulatory bodies. These disruptive innovations tend to have a seismic effect, forcing 
companies to adopt novel strategies and business models in order to remain competi-
tive. In this article, we discuss how technological innovation can address some of the 
current challenges in biopharmaceutical manufacturing by anticipating shifts in market 
dynamics and cost structures. We consider bioprocessing standards, unit operations, 
best practices, enabling technologies and look at potential entry points for innovation 
where technologies are likely to evolve incrementally and where more disruptive, radi-
cal changes may flourish, including quality by design and process analytical technol-
ogy. We conclude that the biomanufacturing industry can only thrive in the changing 
market environment by embracing innovation and becoming more adaptable.

The evolution of market forces in 
the biopharmaceutical industry 
The commercial biopharmaceutical indus-
try, in the traditional sense, was born in 1976 
when recombinant DNA technology was first 
implemented by Genentech Inc. (CA, USA) 
for the production of pharmaceutically rel-
evant human proteins in bacteria. Over the 
years, the company developed a series of suc-
cessful recombinant protein products initially 
manufactured in bacteria and later in mam-
malian cells [1]. Importantly, the approval 
of these early products required extensive 
negotiations with the regulators, who were 
familiar with small-molecule drugs and plas-
ma-derived biologics, but not with recom-
binant proteins. An entirely new regulatory 
framework was therefore needed, and the 
fledgling industry adopted conservative tech-
nologies and manufacturing strategies based 
on evolving regulatory expectations. The 
new market and lack of competitors reduced 
the economic pressure to focus critically on 
process efficiency. Most of the early products 

were administered at relatively low doses 
(e.g., cytokines, blood-clotting factors and 
hormones) so, productivity was not the most 
important driving force and even the most 
inefficient processes were sufficient to fulfill 
demand. Finally, the regulatory uncertainty 
associated with introducing post-approval 
process changes did not justify the risks in-
volved in making processes more efficient 
when profit margins were already high.

The market forces in the biopharmaceuti-
cal industry have changed considerably over 
the last 30  years. Three major factors have 
driven this change, the first being the in-
creased demand for biopharmaceutical prod-
ucts (particularly products such as mono-
clonal antibodies that are required in large 
doses), the second being a regulatory focus 
on the manufacturing process in addition to 
the product, and the third being the stratifi-
cation of the market, particularly the advent 
of biosimilars or follow-on biologics [2]. 

Biopharmaceuticals now represent more 
than 15% of prescription drugs and the 
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current product pipeline suggests 
that growth is outpacing small-mol-
ecule drugs by a considerable margin 
[3]. There are more than 200 ap-
proved biopharmaceutical products 
and hundreds more in clinical devel-
opment [4]. The increased demand 
for biopharmaceutical products has, 
therefore, placed immense pres-
sure on biomanufacturing capacity, 
thus resulting in the exposure of the 
early inherent inefficiencies in bio-
manufacturing processes that wasted 
capacity and prolonged campaign 
times. This has been addressed to a 
certain extent by incremental gains 
in upstream productivity achieved 
by strain development, new expres-
sion cassettes, media optimization 
and process optimization, with even 
higher gains considered possible in 

the future [5]. But these upstream gains have not been 
matched by increased downstream process produc-
tivity. Downstream processing (DSP) is a bottleneck 
in biomanufacturing because the technologies used 
to purify proteins are the same as those used in the 
early processes, and they are reaching the limits of 
their intrinsic capacity, such that there is no longer any 
economy of scale [6]. 

Meanwhile, the quality by design (QbD) rollout [7] 
and ICH consensus-building activities (ICH Q8R1, 
Q9 and Q11) have spurred risk-based decision making 
and the trend towards building quality into production 
processes by making sure raw materials, equipment 
and standard operating procedures all meet predefined 
quality criteria, therefore reducing the variability of 
the process output [8]. One of the most important 
components of QbD is process analytical technology 
(PAT). This concept, currently fully integrated in the 
petrochemical industry, involves the in-process moni-
toring and (if necessary) correction of process param-
eters to improve batch-to-batch reproducibility [9]. The 
outcome of this change, in perspective, is a stronger 
pressure to maximize the production and purification 
efficiency of every manufacturing process without 
compromising product quality.

Finally, the advent of biosimilars has added to the 
pressure because many companies now seek to manu-
facture biopharmaceuticals that are coming off pat-
ent, increasing the amount of competition and confer-
ring advantages on those with the ability to increase 
productivity without parallel increases in costs. This 
has seen a rapid jump in the numbers of companies 
entering the market, including those from emerging 

economies such as China and India, which have the 
advantage of lower costs for educated and skilled la-
bor. Biosimilars may prove important in the evolution 
of both innovative technologies and the industry as 
a whole because many new companies will be estab-
lished with follow-on products as their main focus and 
with productivity and cost reduction as core concepts. 
The model for these companies, typically manufac-
turers of traditional small-molecule generics, provides 
a competitive edge by producing active ingredients 
for less than 10% of the originators’ selling price and, 
therefore, driving unit volume sales by penetrating 
into new market areas  [10]. This contrasts with the 
current biopharmaceutical industry, which focuses on 
established markets because most of the major current 
players emerged in an era where productivity was not 
important and could be sacrificed in the race to get to 
the market [11].

These major driving factors – higher demand, strict 
regulatory requirements and the emergence of biosimi-
lars – have encouraged innovation in the established 
biomanufacturing industry [12]. As the article title in-
dicates, innovation is considered to be the only way 
forward in the industry, in as much as only by adopt-
ing innovative new technologies and processes can 
established companies hope to remain competitive in 
a market where certain biopharmaceuticals are now 
approaching the status of commodities. Innovation 
has also been encouraged by the regulators, because 
although the quality standards are higher than ever 
before, the regulatory authorities now embrace innova-
tion in the manufacturing process itself (via new ini-
tiatives such as good manufacturing practices [GMPs] 
for the 21st century) as long as the technologies are 
well-understood, well-characterized and improve the 
product. Whereas companies were formerly success-
ful based on their ability to invest in capacity and re-
sources, we are now entering a business environment 
where the most successful companies are those that 
are capable of innovation and flexibility in response to 
dynamic market demands.

The key role of monoclonal antibodies
Since the late 1990s the biopharmaceuticals sector 
has been dominated by monoclonal antibodies and 
their derivatives. This reflects two key properties of 
these molecules: first, they are diverse and versatile 
in activity, making them suitable for many different 
indications [13]; and second, they are structurally ho-
mogenous, making them suitable for platform DSP 
technologies that allow incremental improvements 
in productivity [6]. There are 30 approved antibody-
based products in the USA with combined revenues 
of approximately US$38 billion in 2009, and more 

Key Terms

Downstream processing: The 
physical and chemical part of 
biomanufacturing, controlled 
by the interactions between the 
target product and the media with 
which it comes into contact.

Innovation: The process of 
converting an idea into a novel 
and more efficient way of 
doing things. In manufacturing, 
innovation can improve the 
product and/or the process.

Incremental innovation: 
Innovations that lead to gradual 
improvement. Incremental 
innovations make the innovator 
more competitive but the market 
structure remains stable. 

Disruptive innovation: Innovations 
that lead to sudden leaps in 
efficiency, changing the structure 
of the market entirely.
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are being approved every year. Monoclonal antibodies 
also represent four of the five current top-selling bio-
pharmaceuticals [4]. This potential, together with the 
technological and economical benefits of platform ap-
proaches [14,15], put antibodies on a well-worn path to 
success for the biopharmaceutical industry, and this is 
borne out by a close examination of the pipeline which 
suggests that 65–70% of biopharmaceuticals currently 
in development are antibody-based products. 

Another important property of antibodies is that 
most act in a stoichiometric manner, due to their 
mechanism of action relying on highly specific anti-
gen binding. This means that to saturate their target 
antigens, they require higher doses than enzymes/clot-
ting factors (which act catalytically) and hormones/
cytokines (whose activity is amplified in signaling 
cascades). Antibodies have, therefore, been technol-
ogy drivers in the field of bulk biomanufacturing 
since the first product was commercialized in 1986, 
because they have determined requirements in terms 
of upstream productivity and process efficiency, forc-
ing downstream process technologies to keep up [16]. 
Most antibody manufacturing processes rely on affin-
ity chromatography as an initial capture step, using 
Protein A as the ligand. This is by a long margin the 
most expensive chromatography resin on the market 
and accounts for up to 70% of the entire costs of DSP 
during antibody manufacturing, yet its capacity and 
purification efficiency is such that the industry largely 
remains dependent on it [6]. Protein A chromatography 
achieves 95% purification and more than 90% recov-
ery, while reducing the endogenous retrovirus load by 
several log values and partially removing aggregates. 
It is also compatible with a variety of feed conditions. 
Even so, given the pressure on costs caused by the 
growing demand for antibodies and the emerging an-
tibody biosimilars market, there is, nevertheless, now a 
significant need for innovative alternatives to Protein A 
chromatography. This should drive a wider acceptance 
for innovative developments and new business models 
in process technology [17]. 

Incremental & disruptive innovation in 
biomanufacturing
One of the key tasks facing any organization is to 
strategize effectively and support the realization of 
ideas that can be transformed into useful products or 
processes. However, this may conflict with existing 
standards and practices and may introduce competi-
tion for resources that are not readily available. Put 
another way, having ideas is easy, but their execution 
can be long, drawn out and laborious. In the words 
of Thomas Edison: “Innovation is 1% inspiration and 
99% perspiration” [18].

Innovative technologies can be divided into those 
that are incremental and sustain the industry, and those 
that are revolutionary and disrupt it. Incremental inno-
vations do not disrupt existing markets as their impact 
is predictable and can be accommodated, even though 
some innovations in this category can be radical changes 
from established paradigms. There are many examples 
of incremental, sustaining innovations in biomanu-
facturing, but perhaps the most impressive are those 
concerning the upstream productivity of mammalian 
cell cultures. Productivity has increased 100-fold since 
the first commercial processes in the 1970s as a result 
of cell line selection, media improvement and process 
engineering, and another ten-fold improvement is an-
ticipated in the coming decade [5]. The increased dy-
namic binding capacity and overall productivity of 
chromatographic media can also be seen as sustaining 
innovations [19]. The market for antibodies has increased 
more than 20-fold in the last 10 years, therefore, these 
innovations have not only been beneficial but ultimately 
necessary to sustain the industry and increase its capac-
ity to meet the burgeoning demand. Some other early 
evolutionary innovations that are now routine include 
the development of large-scale centrifuges for cell har-
vesting, and the development of filtration media with 
increased throughput while selectively removing small 
viruses without compromising product recovery. Most 
innovations are incremental simply because research is 
primarily based on previous discoveries. In the supplier 
market, manufacturers hope for game-changing innova-
tions but are satisfied with incremental improvements in 
the efficiency of current technologies. 

The other type of innovation available to the bio-
manufacturing industry is described as disruptive be-
cause it upsets the established market by behaving in 
an unpredictable manner and can therefore have a sig-
nificant impact on the competitive position of even the 
main players [20]. Many disruptive technologies begin 
life as niche products but join the mainstream after a 
short period of development because, through further 
improvement, they offer a radical and striking increase 
in productivity or performance over the traditional al-
ternative. They are often (although not always) cheaper 
than the mainstream alternatives, and initially target a 
niche market which then gradually encroaches on the 
mainstream market as the technology becomes more 
suitable for high-end needs. Ultimately, they provide 
enough of a benefit to offset the costs of adoption. In 
biomanufacturing, this sort of innovation comes about 
infrequently and is often game-changing. Historic ex-
amples of disruptive innovations in the biomanufactur-
ing industry include the introduction of recombinant 
DNA technology for protein production and the in-
vention of column chromatography, today’s workhorse 
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in protein purification. In both cases, these technolo-
gies opened new markets because existing technologies, 
such as chemical synthesis, could not be improved any 
further by incremental means. Even today, there is only 
a limited ability to produce complex proteins by total 
chemical synthesis and so the entire field of biopharma-
ceuticals would never have existed without recombinant 
DNA technology, and only chromatography provides 
the means to separate large amounts of protein in pro-
cess-scale operations. But these technologies are already 
more than 40 and 50 years old, respectively.

Single-use technologies are the most recent disruptive 
innovations in biomanufacturing [21–23]. The use of dis-
posable filters, media bags and buffer-storage containers 
can now be considered routine, but other unit opera-
tions have been more resistant to change, thus dispos-
able bioreactors (Box 1) are only now becoming routinely 
available for process-scale manufacturing and disposable 
centrifuges and chromatography modules (Box 2) can still 
be regarded as emerging technologies. Membrane chro-
matography, in particular, is a low-end disruptive inno-
vation because initially it was suitable for a few niche 
applications such as polishing, but further development 
and the ability to produce disposable chromatography 
cassettes has now pushed it into the mainstream in ar-
eas such as vaccine manufacturing (Box  2). Disruptive 
innovations of the future may include cell-free protein 
expression systems, nonchromatographic separation 
strategies, and novel/underused chromatography modes 
[24] that allow continuous processing (Box 3) [25].

Disruptive innovations often occur in response to 
changing industry trends that expose erstwhile hid-
den limitations. For example, increasing upstream 
productivity has increased product titers in cell 

fermentation processes by 100-fold, but this has ex-
posed the limitations of DSP capacity [6]. Similarly, the 
higher demand for biopharmaceuticals indicated for 
topical application routes (such as antibody-based mi-
crobicides) has shown that ton-scale manufacturing is 
not economically feasible using current approaches and 
that alternative expression platforms and more efficient 
recovery processes are required, perhaps borrowing 
from those used to produce bulk plasma proteins and/
or those used in the food manufacturing industry [6]. 
Finally, the impact of emerging paradigms in research 
(such as pharmacogenomics and personalized medi-
cine) has shown that different business models are re-
quired to produce niche products affordably, if they are 
targeted towards very small groups of consumers, and 
in some cases even individuals [26]. 

The rise of generics and other low-margin drugs has 
shown that productivity must be increased if innova-
tor companies are to remain competitive with contract 
manufacturing organizations producing generic lega-
cy products [12]. The biosimilars market is entering a 
more mature phase, with biosimilar monoclonal anti-
bodies representing a second wave of products predict-
ed to take a market segment of up to $25 billion by 
2020 [27]. Companies now attempting to capitalize on 
the opportunities offered by biosimilars are realizing 
that they have developed rather similar business plans 
[28]. Given the significant entry barriers there will 
only be room for a few players, many of which will 
be branches of established pharmaceutical companies. 
Others, such as Samsung, are recent entrants, and 
may disrupt the industry with a different approach 
to industrialization. In this competitive environment, 
innovation will provide the means to differentiate and 

Box 1. Disruptive innovation case study: single-use bioreactors.

»» Single-use bioreactors [22,23] can be regarded as a disruptive innovation as they have challenged the former dominant position of 
stainless steel bioreactors by offering many advantages. 

»» The trend towards smaller, single-use bioreactors began with mammalian cells because of the higher productivity and because the 
same product yields could be achieved with smaller culture volumes. Disposable bioreactors avoid the fixed costs of their stainless 
steel counterparts, and thus they are now enjoying a period of incremental innovation having broken into the mainstream [21]. 

»» The first single-use bioreactor for large-scale production was the WAVE bioreactor launched in 1996 [86]. 
»» Disposable bioreactors are now widely used for inoculum expansion, but also as the production bioreactor when smaller cell 

culture volumes are sufficient [87]. 
»» The first single-use stirred-tank bioreactor was launched by Hyclone in 2004 and had a working volume of 250 l. This system used 

a self-contained plastic bag that was placed in a stainless steel shell. Larger single-use stirred-tank bioreactor systems have been 
developed more recently (1000 l in 2006 and 2000 l in 2009), as well as various fermenters where mixing is achieved by rocking or 
orbital shaking [21].

»» Several companies currently trying to enter the biopharmaceuticals market are evaluating what has been called a ‘factory of the 
future’ concept, initially to manufacture clinical material in a pilot plant environment. In this concept, such companies build their 
own manufacturing capacity to avoid the lack of access to existing capacity and the negative impact this can have on development 
pipelines. Evolving standards are also easier to match, leading to the adoption of disposable alternatives for stainless steel-type 
fermentation facilities. 

»» New standards will be defined for clinical and eventually commercial manufacturing because the production scales may not 
increase significantly in the future due to the rapidly increasing titers.

Gottschalk, Brorson & Shukla
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survive [12]. In other words, competition drives dif-
ferentiation and differentiation drives innovation in 
terms of the product, the commercialization strategy 
and the manufacturing technology. This approach 
is further supported by the transition from the bio-
tech industry dogma that the ‘process determines the 
product’ to an understanding that biosimilars need to 
comply with a quality target product profile, which is 
based on the physicochemical characterization of the 
originator product [29].

In addition to the typical reverse engineering strategy, 
this leaves room for alternative manufacturing routes to 
keep the cost of goods under control. We will see that 
these attempts to innovate the manufacturing processes 
beyond existing standards will become more aggressive 
as the competitive climate increases, for example, due to 
the advent of biobetters. Innovation is, therefore, likely 
to become a critical differentiation factor for compa-
nies relying on more favorable cost structures to make 
money with biosimilars, as well as for those looking for 
improvements in life cycle management or the quality 
and safety of their products [12].

Cases for & against disruptive innovation 
Clayton M Christensen coined the term disruptive in-
novation [30] and once claimed “…today’s healthcare 
industry screams for disruption” [31]. This view has been 
supported, particularly in the context of downstream 
processing, focusing on Protein A chromatography as a 
bottleneck in antibody manufacturing [15,32–36]. How-
ever, the concept of disruptive innovation can be applied 
to the entire value chain, with new companies special-
izing in drug discovery, clinical research and even pro-
cess development, analytics and manufacturing replac-
ing the grand overseeing role that was formerly the sole 
purview of major pharmaceutical companies. 

Recent articles by Brian Kelley and colleagues [37–39] 
presented an alternative view in which incremental in-
novation is sufficient to sustain the industry now and 
in the future. This analysis focused on current (and 
future) commercial-scale antibody manufacturing for 
existing markets and applications and suggested that 
the biopharmaceutical industry is currently in its pre-
industrialization phase. We argue that clinical develop
ment could benefit from alternative and more innovative 

Box 2. Disruptive innovation case study: alternative chromatography modes.

»» One unit operation that is already making inroads into large-scale biomanufacturing processes is membrane chromatography. 
The higher flow rates compared with packed-bed chromatography have always made it an attractive option, although the limited 
availability of suitable membrane systems has slowed its adoption [88]. Anion-exchange membrane chromatography is now 
widely used as a flow-through step for the removal of trace impurities such as host cell proteins, DNA and viruses during antibody 
purification [89–92]. 

»» Membranes are unlikely to supplant column chromatography for capture steps because they lack the surface area per unit volume 
of packed-bed formats, but the use of novel ligands in a membrane format can create systems that are capable of polishing with a 
significantly higher throughput than packed-bed chromatography, providing an economic incentive for adoption [93].

»» Other chromatography formats with potential for manufacturing include fluidized bed chromatography, which involves the use 
of adsorbent particles dispersed in a liquid medium. Fluidized beds are more complex to operate than fixed beds but allow the 
selective capture of antibodies while cell debris passes through the dispersed particles [94]. The technical limitations of first-
generation fluidized beds have been overcome using novel materials such as magnetic particles [95]. 

»» Fixed bed chromatography remains dominant using membranes, monoliths or porous resins but simulated moving bed 
chromatography shows promise, particularly a model that requires 90% less Protein A and 37% less buffer than traditional packed 
bed chromatography [96]. 

»» Other recent innovations in stationary-phase architecture include perfusive microparticles [97], adsorptive microfiltration 
membranes and ultramacroporous monoliths [98,99].

Box 3. Disruptive innovation case study: continuous integrated bioprocessing.

»» The initial focus of the biomanufacturing industry on the product rather than the process means that it has taken a long time to 
follow in the footsteps of other industries and adopt continuous processing for the manufacture of recombinant proteins [100]. 
There have been many reports of continuous upstream production predominantly by perfusion culture [101–103], and also more 
recent reports of continuous downstream processing [96,104,105], however, until very recently the two have not been combined.

»» Continuous downstream capture studies have demonstrated the significant economic advantages that result from lower buffer 
usage, higher capacity utilization and reduced column volumes. However, the true potential of continuous chromatography can 
only be realized by integration with a continuous upstream process [100]. 

»» The biopharmaceutical factory of the future could, therefore, be designed around the concept of multiple continuous production 
lines, including relatively small-volume continuous cell culture processes. Recent advances in perfusion technology allow cells 
to be cultured at densities exceeding 1 × 107 cells/ml, providing high volumetric productivity from small bioreactors (<1000 l). The 
use of disposable technologies and the integration of continuous capture steps such as simulated moving bed chromatography 
will enhance productivity even further [106].
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strategies with minimal upfront investment, and that 
the pre-industrialization model needs to be reconsidered 
for novel markets, given that certain products such as 
antibodies appear to be moving towards commodity 
status.

Entry points for innovation 
Innovation can affect biomanufacturing at two levels 
– the impact on process intensification to achieve 
operational excellence and the impact on prod-
uct diversification to achieve sustainability. Process 
intensification is an approach to process development 
and implementation (and, by extension, to facility 
design) originally pioneered in the chemical industry 
by ICI (London, UK). The stated aim was to reduce 
plant size while maintaining productivity, thus de-
creasing the cost of goods by lessening capital invest-
ment and overheads. Process intensification requires 
new concepts to manage plant throughput when exist-
ing technologies are approaching their physical limits, 
as is the case for DSP (particularly chromatography) 
in the biomanufacturing industry. Otherwise it be-
comes impossible to increase intrinsic capacity any 
further and costs become proportional to scale. Nev-
ertheless, even with a proof-of-concept for new tech-
nologies and a positive climate for implementation, it 
is not clear that the industry is ready for change and 
which parts of the industry will be the leaders [40]. A 
closer look at the key targets for process improvements 
reveals the requirements in terms of the type of the 
product, the specific unit operation and the phase of 
the development, as well as the business model of the 
process owner. 

»» Innovation by development phase 
Biomanufacturing requires significant up-front capital 
investment because the fixed costs (from idle capacity) 
have a much higher impact than the cost of raw materi-
als [41]. With this in mind, manufacturing costs have 
been calculated to be as low as $20/g for a model plant 
assuming high production rates (10 tons per year) and 
raw material costs as low as $6/g [42]. This represents 
the upper end of an economy-of-scale equation with 
maximum dilution of fixed costs and expensive re
usable media beyond what is currently in place at most 
sites. In clinical manufacturing, only a small number 
of production batches are required and the cost of raw 
materials cannot be diluted over multiple campaigns. 
Furthermore, the high attrition rate for drug candi-
dates means that the manufacture of clinical material 
forms a significant part of overall development costs. 
Therefore, different principles must apply to the selec-
tion of technologies with a greater focus on flexibility 
and reduced capital expenses.

Any drug manufactured for clinical trials now has 
to be comparable with the commercial product, and 
comparability must be demonstrated to justify any 
changes in the manufacturing process. A unit op-
eration that only works on a small scale and has no 
large-scale counterpart inevitably fails the test of com-
parability and cannot realistically be used in com-
mercial manufacturing, although it may be possible 
to reduce the scale of manufacturing in terms of vol-
ume if the upstream productivity can be increased so 
that the product is more concentrated, or if continu-
ous manufacturing processes can be developed (Box 3). 
The focus of the manufacturing process typically shifts 
from time-to-market (pre-investigational new drug 
application) to process economy and robustness (pre-
biologics license application) as a refined version of the 
process is introduced and validated for Phase III ma-
terial and commercial manufacture. Process changes 
may also be introduced post-approval if the benefit of a 
new process outweighs the effort required to introduce 
it [12]. Restrictions caused by high-titer processes can 
be addressed during pilot- or process-scale manufac-
turing, but different solutions may apply. For legacy 
products including antibodies required in 100  kg/
year amounts, existing facilities can be upgraded and 
refitted by focusing on process intensification. How-
ever, for novel products the requirements may be com-
pletely different, especially in the early development 
stages. Examples of potential innovations in this area 
include economical capture steps (e.g., capture based 
on simulated moving-bed chromatography to reduce 
resin volumes, or direct capture prior to clarification 
to reduce the number of process steps), combined cap-
ture/clarification with expanded-bed chromatography, 
the inclusion of single-use, disposable and hybrid tech-
nologies, and the use of integrated biopharmaceuti-
cal fluid-handling steps. A case study for inexpensive 
product capture is discussed in Box 4.

Clinical manufacturing is an area where single-use, 
disposable and hybrid technologies are increasingly 
beneficial in terms of cost, flexibility and productiv-
ity. Capital expenses and the resulting fixed costs are 
minimized, offsetting the higher consumables budget. 
Facilities benefit from increased flexibility and overall 
productivity, in as much as process down-time is re-
duced and single-use components can be swapped with 
no need for cleaning, thus eliminating carry-over risks. 
The interchangeability of process modules allows rapid 
scaling-up and scaling-down in response to demand, 
and rapid refitting where multiple processes are carried 
out. Integrated biopharmaceutical fluid-handling steps 
now include media preparation, fermentation, cell har-
vesting, clarification, product capture and polishing, 
virus clearance, ultrafiltration and final sterile filtration.

Gottschalk, Brorson & Shukla
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»» Innovation by product type 
Monoclonal antibodies occupy a dominant posi-
tion in the biopharmaceuticals market because they 
have similar structures and interaction mechanisms. 
Therefore, they play a unique role driving the devel-
opment of platform processes and hence reduce the 
incentive for process diversification. Indeed, current 
best practices for antibody manufacturing involve ro-
bust platform technologies with proven track records, 
and these offer a broad design space allowing com-
panies to use both traditional process development 
methods [43] and ‘design of experiments’ concepts [44] 
as shown in Figure 1. Although these approaches have 
yielded significant benefits in upstream productivity, 
the same downstream unit operations are involved 
and progress has been incremental rather than radi-
cal. Until recently, the industry motto was “If it ain’t 
broke, don’t fix it.”

Disruptive innovations will question the widely-
accepted undisputed merits of generic technology plat-
forms. Although these principles have already helped 
the industry to standardize manufacturing processes 
and bring products to the market, they have also erected 
entry hurdles for unorthodox unit operations and sup-
pressed ‘out-of-the-box thinking’. Interestingly, every 
company favors their own platform version, and chal-
lenging them with other versions will provide a good 
starting point for the introduction of unconventional 
alternatives. For monoclonal antibody purification the 
use of sorbents based on Protein A for capturing repre-
sents the mainstream approach and any alternative will 
require an overporportionally superior technology to 

gain any attention [24,45]. However, 30–35% of protein 
products in development are not traditional antibodies 
[3,4]. These are diverse proteins, including hormones and 
signaling molecules, fusion proteins, enzymes, nano-
bodies, antibody–drug conjugates, PEGylated proteins, 
virus-like particles, multivalent vaccines, viral vectors 
and other nucleic acid-based drugs. They are generally 
not required in the same amounts as antibodies because 
they tend not to have a stoichiometric mechanism of ac-
tion. They also have diverse properties and, therefore, 
different stability and aggregation issues, so additional 
development effort is required. 

The manufacturing processes for some large-scale 
protein-based biopharmaceutical products are mature, 
but are less frequently discussed in the context of bio-
manufacturing, for example, plasma products, viral and 
glycoconjugate vaccines and certain microbial proteins. 
Some of these processes employ older technologies that 
were originally regarded as unsuitable for modern bio-
manufacturing, but with improvement they now offer 
interesting and innovative alternatives, particularly as 
we see the demand for products such as monoclonal an-
tibodies increase and the need to introduce less expen-
sive alternatives to chromatography. The use of simpler 
nonchromatographic separation methods is discussed in 
the following sections.

»» Innovation by unit operation
Most biomanufacturing companies rely on platform 
technologies with unit operations that have already 
been tested at the process scale, since these can be put 
together and rapidly adapted to suit new products [41]. 

Box 4. Disruptive innovation case study: alternative capture ligands.

»» Some disposable modules are common sense (e.g., microfilters for sterile filtration and virus removal), but few would consider 
single-use applications for Protein A as a first choice, given the high cost of the base material and the current need to dilute these 
costs over multiple purification cycles. Although Protein A is currently not the most significant cost factor in large-scale processes, 
it is very much so in clinical manufacturing, where resin cycling is limited. Therefore, although concepts such as pre-packed 
columns for single campaign use have been adopted, this is not a genuine example of disposable technology.

»» An alternative to the expense of fixed Protein A columns for antibody capture is the replacement of Protein A chromatography 
with simpler and less expensive unit operations. One promising approach is the replacement of affinity chromatography with a 
precipitation step, which is used to either isolate the product or to remove impurities [107,108]. The generic process of the future 
may be designed around an initial precipitation step, after which only flow-through polishing using convective media would be 
necessary. In this example, both the precipitation step and the polishing steps could be considered as disruptive innovations, 
although issues such as selectivity, scalability, reproducibility and comparability would need to be addressed.

»» As well as revisiting traditional methods, various disruptive technology solutions have also been evaluated, some involving 
the creation of very low-cost sources of immobilized Protein A, thus allowing for genuine single-use disposable formats. 
Several methods have been developed to express Protein A on the surface of matrices that could be included in bioprocessing 
modules, for example, recombinant Tobacco mosaic virus displaying Protein A as a coat protein fusion [109] and the synthesis of 
recombinant polyester-nanobeads decorated with Protein A [110]. 

»» Although these concepts provide hope for a breakthrough in Protein A technology, it is possible none of them will work 
in commercial practice, particularly at the process scale. Even if successful, the transition of this technology from clinical 
manufacturing to process-scale manufacturing may also require extensive scaling-up activities and a product comparability 
demonstration. In this case, incremental improvements in alternative technologies such as continuous chromatography may 
address the unmet need for more efficient capturing and may intensify the use of resins.
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This helps to organize a development pipeline consist-
ing of multiple candidates by allocating resources ef-
fectively despite the lack of information about overall 
demand, but does not alleviate the bottleneck centered 
on chromatography [46]. Therefore, any combination 
of established unit operations will be constrained by 
the least productive component, usually reflecting the 
physical capacity of the chromatography steps. 

Innovations in upstream production include the 
use of more diverse production platforms, for example 
niche platforms such as plant cells and whole plants, 

which are useful because of their low 
up-front costs and rapid scalabil-
ity [47,48], as well as cell-free expres-
sion platforms, which are becoming 
cost-effective for the microscale 
manufacturing of complex proteins 
with yields exceeding grams per li-
ter reaction volume and reaction 
scales now exceeding 100 l [49]. The 

most obvious impact of high-titer processes is the re-
quirement for larger DSP suites to match the higher 
product pool volumes, including the space required 
for buffer preparation and holding steps. Cell removal 
and clarification at the interface of upstream produc-
tion and DSP is also directly affected by increases in 
biomass. The development of robust and consistent 
depth filters with the capacity to protect more vul-
nerable downstream membranes is a key target for 
optimization. Other potential drivers for innovation 
include unit operations that are technically success-
ful and well established, yet expensive, such as Pro-
tein A capturing and virus filtration. Capturing costs 
can be diluted in large-scale routine manufacturing by 
maximizing capacity utilization (maximum number 
of cycles during the resin lifetime multiplied by the 
dynamic binding capacity). Virus filtration would be 
less expensive if the productivity of virus filters could 
be improved for the next generation of devices or via 
improved validation strategies. Improvements could 
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Figure 1. A comparison between stochastic (black-box) process development and the rational process 
development approach, which is based on the design of experiments concept. 
DoE: Design of experiments; DSP: Downstream processing; HTS: High-throughput screening; QbD: Quality by design; 
VLP: Virus-like particle. 
Reprinted with permission from Elsevier [43].
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environment (e.g., media 
composition and fermentation 
conditions).
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also be introduced into the ultrafiltration step used 
for final product concentration. Larger batch sizes and 
higher product concentrations in modern formulation 
strategies drive increases in membrane areas, the ca-
pacity of peripheral devices such as pumps and sensors, 
and also the overall processing time. Innovative ap-
proaches and technologies that sidestep these require-
ments would be very welcome. As well as optimizing 
the performance of individual unit operations, process 
efficiency could also be improved by using fewer unit 
operations, lower buffer volumes, in-line dilution and 
mixing, and straight-through processing without hold 
steps, without compromising product quality.

»» Innovation by business model
Although focusing on product types, unit operations and 
development phases can help to identify entry points for 
innovation, it is also important to take a closer look at 
the industry as a whole to identify the drivers of change 
and the strategies adopted by different industry players. 
The current biomanufacturing environment is charac
terized by high up-front fixed costs, long lead times 
and limited access to GMP production capacity, all of 
which represent a barrier for small- and medium-sized 
enterprises (SMEs) in emerging markets. The resulting 
stratification divides the market into the big players that 
can afford investment into process development, manu-
facturing and regulatory compliance, and the remainder 
(mainly SMEs) that struggle with these costs. Naturally, 
big players with existing manufacturing and regulatory 
affairs networks enjoy a protected status in this environ
ment and may resist change. Despite this, some contain 
powerful, science-driven development organizations 
that are well aware of progress and innovation in the 
industry and are often present on the frontline when 
new technologies enter the market. When comparing 
existing and emerging technologies, they can use their 
unique experience and expertise to set the standards, 
to define the entry hurdles for new technologies and to 
help bridge the gap between the technology providers 
and regulatory expectations. 

SMEs may be forced to adopt a number of entre-
preneurial strategies to gain a competitive edge and 
innovative new products and processes may become 
central to those strategies either by design or through 
the avoidance of capital expenditure. In the shorter 
term, smaller companies may be more likely to survive 
if they offer more flexibility to larger partners. In the 
longer term, however, small companies developing dis-
ruptive technologies can challenge complacency in the 
industry, especially if their new process solutions are 
potentially game-changing innovations. For example, 
small biotechnology companies can take advantage of 
new drug discovery tools developed in the genomics/

postgenomics era, produce proofs-of-concept for novel 
drug candidates and then choose to license the project 
in its later stages when greater resources are required 
for late-stage clinical development. Contract manu-
facturing organizations play a very important role in 
this context. They follow best practice, have experience 
with multiple products and may update their process-
ing platforms much more frequently, providing an 
innovation-friendly environment [50].

»» Innovation by geographical region
Industry analysts following trends in global biomanu-
facturing have found that manufacturing capacity in 
North America and Europe has increased linearly in 
the last 10 years, from just over 400,000 l to more than 
1,400,000 l in North America and from 150,000 l to 
just over 1,000,000 l in Europe, with the six-pack plant 
as the industry standard [51]. Over the same period, ca-
pacity in Asia has grown from negligible levels in 2002 
to almost 300,000 l in 2010, and this trend seems set 
to continue while capacity in the West seems likely to 
flatten in the years to come [52]. The biopharmaceuti-
cals market in Asia has also undergone a period of re-
markable growth, partly due to domestic demand and 
business factors.

An entrepreneurial attitude can be expected from new 
companies in emerging markets. They initially need to 
meet the specific needs of their local markets, which 
may differ from those in the western healthcare market. 
For this, they may adopt new technologies immediately, 
as long as they offer cost and flexibility advantages, even 
if such technologies are not fully embraced in more de-
veloped markets. However, if the potential is there, new 
technologies will improve rapidly and may eventually 
exceed existing standards. 

Instruments to evaluate the impact of 
innovation 
Traditional financial tools to evaluate the impact of 
new products and technologies include calculations of 
the return on investment, which is a simple ratio of 
the money gained from a new technology or product 
against the amount invested, and the net present value, 
which includes interest and other investment costs. 
Impact can also be measured simply as the effect on 
the cost of goods sold. However, these tools cannot ac-
commodate intangible benefits, such as the increased 
flexibility offered by new technologies or risk mitiga-
tion [53,54]. For large and established organizations, the 
monetization of existing products and the development 
of new ones are conflicting long-term goals, described 
as the productivity dilemma [55]. It is challenging for 
any organization to explore and exploit new oppor-
tunities simultaneously [56]. Even so, all companies 
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in all industries should innovate to ensure flexibility, 
sustainability and long-term survival in a competitive, 
global landscape. 

Economic evaluations have traditionally focused on 
environmental models of competitive advantage as the 
result of a company’s opportunities and threats [57], or 
on the internal analysis of strengths and weaknesses 
[58]. It is widely accepted that changing competitive 
environments require flexible organizational struc-
tures, new forms of internal and external integration 
and a management that fosters entrepreneurship [59]. 
One strategy to encourage innovation is the spin-along 
approach, a promising hybrid form of corporate ventur-
ing that involves a separate organizational unit retain-
ing a link with the parent company, with the goal of 
supporting exploration and exploitation at the parent 
company [60]. The spin-along approach aims to provide 
an environment where new ideas can be protected and 
where disruptive innovations can emerge (i.e., innova-
tions in areas that share little synergy with the existing 
business of the parent company). The ultimate goal of 
these spin-along ventures is to create an environment 
where existing competencies can be used (exploitation) 
and new competencies can be built (exploration) to 
enhance the company’s innovative performance and, 
hence, their competitiveness [61].

Technological areas for current & future 
innovation
»» Upstream productivity

Although the upstream production of biopharmaceu-
ticals (particularly monoclonal antibodies) may appear 
to be a mature technology, there is still room for both 
incremental gains in productivity using current pro-
duction technologies and the development and imple-
mentation of novel production concepts. Upstream 
production in mammalian cells is the major source of 
process variability and product inconsistency, reflect-
ing the inherent complexity of biological systems, an 
insufficient understanding of intracellular processes, 
and the vulnerability of mammalian cells to patho-
gens. For example, the risks of process variation and 
contamination inherent in the use of complex media 
additives such as serum have been addressed by the 
development of chemically defined media. However, 
industry media formulations often remain complex as 
optimization procedures generally involve the ad hoc 
testing of new components whose precise role is un-
clear. Even so, it is likely that well-characterized and 
chemically defined formulations will be developed in 
the future that can support the growth of high-density 
cell cultures to increase productivity. A similar trend 
is the recent development and utilization of additives 
such as synthetic peptones that stimulate host cell line 

metabolism, and RNAi-based strategies using siRNAs 
as additives to modify biopharmaceutical products 
during synthesis [62].

Innovation has also yielded robust viral inactivation 
technologies that can reduce the virus loads by several 
log values during downstream processing. The innova-
tion in this area tends to be reactive, largely driven by 
viral contamination cases that have caused prolonged fa-
cility shutdowns, product shortages and loss of revenue. 
Because off-the-shelf platforms that can rapidly process 
large media volumes do not yet exist, several biotechnol-
ogy and supplier companies have instead developed unit 
operations based on heat or UV inactivation.

The improvement of cell lines focuses on product 
yields and quality, but few industrial processes test cell 
line physiology and metabolism systematically. This has 
been addressed by the development of novel approaches 
that allow the rapid screening of clones to identify those 
with the highest activity, for example using high-content 
screening based on fluorescence image analysis in mi-
crotiter plates or parallel miniaturized bioreactors  [63]. 
The genetic engineering of cell lines may also offer po-
tential solutions for low productivity, for example, by 
using engineered nucleases to insert transgenes into the 
most suitable loci for high-level expression, and the use 
of synthetic biology approaches to combine optimized 
regulatory elements with target genes. 

In addition to incremental innovations, new chal-
lenges are likely to influence bioprocessing and facility 
design in more fundamental ways. Such challenges in-
clude the growing demands for flexibility (rapid response 
to increasing or decreasing market demands), the ability 
to produce commodity drugs and small-volume drugs 
in the same facility and cost reductions driven by pro-
cess intensification. These issues cannot be addressed ef-
ficiently using current six-pack designs and will require 
changes in upstream and downstream processes. Simi-
lar developments in the chemical and pharmaceutical 
industries led incrementally to the conversion of many 
batch processes to continuous production, increasing 
productivity, quality and flexibility while reducing the 
equipment footprint and the pressure to scale up [64]. 
Robust off-the-shelf continuous bioprocessing equip-
ment does not yet exist in the biopharmaceutical in-
dustry, and innovation in this area is driven by a small 
number of biotechnology companies focusing on the 
development of particular unit operations (Box 3).

»» Nonchromatographic separations
Chromatography has achieved a hegemonic position 
in the manufacture of low-volume products and many 
companies have already invested heavily in stainless 
steel manufacturing facilities using fixed tanks and 
skids for cell culture, buffer preparation and chroma-
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tography in keeping with the conventional paradigm. 
However, high-throughput nonchromatographic tech-
nologies can match the selectivity of chromatography 
with lower costs, challenging the dominant position 
chromatography has come to occupy [12,24]. In the 
past, the high cost of chromatography was not an issue 
because the life-saving nature of biopharmaceuticals 
commanded high margins that made the cost of pro-
duction almost irrelevant. However, with the advent 
of biosimilars and increasing competition among in-
novator companies for the limited number of validated 
disease targets, alternatives to classical packed-bed 
chromatography need to be taken seriously. 

Nonchromatographic separation techniques have 
been used to isolate proteins since the pioneering work 
on the identification of insulin [65]. Examples of such 
simple and robust technologies include flocculation, 
precipitation, two-phase extraction and crystallization. 
Recent work in this area has focused on improving pre-
cipitation selectivity, either through the use of affinity 
ligands or by exploiting biochemical differences be-
tween the product and its impurities. An example of the 
latter is the use of polyelectrolytes for antibody precipi-
tation, exploiting the fact that most antibodies are high-
ly basic [66,67]. Liquid–liquid extraction techniques have 
also been evaluated for large-scale protein separation, 
for example, the recent interest in aqueous two-phase 
separation systems as an alternative to chromatogra-
phy [34]. Affinity labeled poly(ethylene) glycol-dextran 
and poly(ethylene) glycol-citrate systems appear to be 
promising approaches for the separation of monoclonal 
antibodies. Crystallization has also been evaluated as a 
large-scale protein separation technique because of the 
high purity that can be achieved, although recent stud-
ies have shown that this may be difficult to apply for 
larger, more complex proteins such as antibodies [68,69].

»» Process validation & PAT
Process validation is the information package that pro-
vides assurance regarding the reproducibility and ro-
bustness of a manufacturing process. Innovation in the 
implantation and achievement of validation has been 
sparked by dialog between industry and regulators in re-
cent years under the current GMPs for the 21st century 
initiative, the QbD initiative [8] and revisiting process 
validation approaches [70]. The PAT framework focuses 
on improving ways to monitor and control manufactur-
ing processes using in-line measurements rather than 
waiting for the completion of a step before testing and 
forward processing [9]. Conventional biopharmaceutical 
manufacturing processes have often been complex and 
poorly understood, but these initiatives have spurred the 
creation of improved analytical measurement tools and 
the use of empirical models to control processes.

QbD is a risk-informed process design strategy with 
three primary goals [7]: process knowledge including 
a thorough understanding of process inputs and their 
impact on performance; the relationship between 
the process and a product’s critical quality attributes 
(CQA); and the association between CQAs and a 
product’s clinical properties. The QbD approach is ex-
pected to ‘build quality into the process’ rather than 
‘testing the quality of the product’. As such, the QbD 
philosophy is likely to be implemented throughout the 
life cycle of a product, starting with process design and 
definition, moving on to process characterization and 
validation and finally to monitoring and control of the 
commercial manufacturing process [71]. The implemen-
tation of QbD has predominantly focused on defining 
product CQAs and linking them via risk-informed ana
lysis to process operating parameters. Examples include 
case studies that apply QbD principles to improve the 
definition of a process design space for both upstream 
bioreactors [72] and downstream unit operations [73]. A 
key area of continual innovation is the integration of 
design spaces for individual steps to create a clear defi-
nition of design space for the entire process [74]. Others 
include the improved understanding of the impact of 
raw material variability on design space [75] and the de-
velopment of high-throughput scale-down models that 
allow the rapid specification of process design space [76].

The QbD initiative could help to reduce the num-
ber of post-commercial process changes required in 
biomanufacturing, therefore increasing overall flex-
ibility. A key output of the process design space defi-
nition is the assignment of operating parameters into 
critical, key and non-key classes [77]. However, despite 
improved process understanding based on the defini-
tion of design space, there remains a regulatory expec-
tation that all process parameters will be monitored to 
some extent because several of them are not evaluated 
in process design studies if, after risk assessments, they 
are categorized as low risk [78]. Clearly, some of the 
expected benefits of QbD may take longer to realize 
while the system becomes more firmly established by 
biopharmaceutical companies and health authorities 
worldwide. Nevertheless, the tools that are now em-
ployed to develop an improved, albeit empirical under-
standing of the manufacturing process are here to stay 
and will be refined in the future.

In September 2004, the FDA issued a guidance 
document describing PAT as a “system for designing, 
analyzing and controlling manufacturing through timely 
measurements (i.e., during processing) or critical qual-
ity and performance attributes of raw and in-process 
materials and processes, with the goal of ensuring final 
product quality” [9]. Various means of implementing 
PAT in the biopharmaceutical manufacturing industry 
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have been described, including the development of so-
phisticated analytical tools for the real-time measure-
ment of product quality with feedback to controllable 
process parameters and the development of mathemati-
cal relationships between routine in-line measurements 
and process parameters for in-process control [79–81].

In conventional terms, process validation was defined 
in ICH Q7A as “providing the documented evidence that 
the process, operated within established parameters, can 
perform effectively and reproducibly to produce an interme-
diate or API meeting its predetermined specifications and 
quality attributes”. Although this definition remains rel-
evant, it has ensured that data from large-scale manufac-
turing operations are the primary means through which 
process validation is achieved. Common sense suggests 
that large-scale production should not explore the limits 
of potential operating spaces if the resulting product is 
intended for the market. This has led to the definition of 
process design space using suitably qualified scale-down 
models to explore parameter combinations at the edges 
of the operating space. In addition, it is difficult to carry 
out many types of spiking studies at the process scale 
to avoid the contamination of batches or even entire fa-
cilities. Such studies include those looking at virus clear-
ance and the removal of process-related and product-re-
lated impurities. As worst-case process conditions can be 
investigated using small-scale runs, supporting studies 
for process validation are also carried out using scale-
down models. These include the initial determination 
of chromatography resin and membrane lifetimes (typi-
cally a large-scale follow-up study is carried out once 
there is a sufficient run history), the measurement of ex-
tractables and/or leachables for filters and other contact 
surfaces, and cell line stability studies. Several innovative 
approaches have been developed to demonstrate the re-
moval of contaminants to recommended levels consid-
ered safe for humans. Worst-case studies under operat-
ing conditions that result in the poorest clearance of host 
cell proteins are used to demonstrate effective host cell 
protein removal by chromatography [40]. Examples of 
innovative approaches include the use of 2D difference 
gel electrophoresis to track the clearance profiles of host 

cell proteins over multiple chromatography steps [82], the 
use of host cell DNA spike studies to demonstrate DNA 
clearance during antibody purification [83] and the use of 
fluorescence-labeled Protein A to monitor leaching from 
Protein A chromatography resins [84].

Figure  2 shows a life cycle approach to process 
validation [70]. Product quality considerations are 
critical during the design of a downstream process be-
cause this allows the optimal process steps and operat-
ing conditions to be selected, although this approach 
does not yield a complete knowledge of the entire pro-
cess in terms of its operational performance at larger 
scales. Qualified scale-down models can provide more 
insight by systematically revealing the impact of oper-
ating variables. Process characterization studies typical-
ly take the form of pre-determined perturbations of the 
manufacturing process that help to define the process 
design space. The process can then be scaled up and the 
process qualification lots (also called process validation 
lots) are used to demonstrate a state of control over the 
process operating at larger scales based on the analysis 
of process characterization and the evaluation of large-
scale manufacturing. The performance of a qualified or 
validated large-scale process is monitored continuously 
to ensure the maintenance of control – process valida-
tion is not a one-off event that is refined continually 
based on the experience of large-scale processing. 

Conclusion
Although the early adoption of disruptive technologies 
may turn into a competitive advantage for small compa-
nies, they face the risk of adapting too early and ‘back-
ing the wrong horse’, thus ending up with unsuitable 
technologies. However, the riskiest technologies often 
turn out to be the most disruptive, leading to the most 
radical changes in the structure of the industry and al-
lowing the brave (or lucky) company supporting such 
technologies to leapfrog over competitors and become 
established as industry leaders. Operational excellence 
is therefore not enough to manage current challenges 
without the willingness to adopt new paradigms, and 
flexibility is a key success factor in the modern bioman-
ufacturing industry. In an area that has to commit to 
particular technologies up to a decade before a prod-
uct comes to market, it is difficult to predict how the 
tide of technology will change, and it is quite possible 
that a game-changing technology will emerge when a 
commitment has already been made to an older, better-
established technology with higher costs. Flexibility in 
this context is valuable because it provides companies 
with the ability to adapt to changes more quickly. To-
day, just being good is not good enough and there is 
wide acknowledgement that the sector needs to do bet-
ter and that it should strive for improvement, rather 
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Figure 2. The life cycle approach to process validation.

Gottschalk, Brorson & Shukla



Perspective

future science group www.future-science.com 153

Innovation in biomanufacturing: the only way forward

than languishing in complacency and failing the test 
of sustainability. Lessons learned from other industries 
(e.g., in the computer and semiconductor sectors) dem-
onstrate that – when it comes to industrialization – ef-
ficiency is important but the ability to innovate and take 
chances with new products is perhaps more important 
still, especially in the long term. 

A snapshot of the industry at present appears to show 
a clear division between the large, well-established mul-
tinationals with access to manufacturing capacity based 
on traditional technologies, and emerging companies 
with little or no production capacity of their own. Even-
tually the market will regulate itself and the cost of using 
excess capacity will settle, however, there are strong indi-
cations that before binding themselves to specific provid-
ers, the new companies will at least evaluate the alterna-
tives to arrive at the most economic solution for clini-
cal manufacturing, which could very well be the entry 
point for game-changing innovation. New companies 
may walk away from existing sources and try to estab-
lish their own, independent capabilities on the basis of 
current best practice, including innovative technologies 
that receive little support from the establishment. The 
ability to assemble process trains from modular compo-
nents means that market entrants can, for the first time, 
elect to build their own facilities for the production of 
clinical material, which may explain the current boom in 
new fermentation projects. It is important to realize that 
this new generation of innovators is the life blood of the 
biomanufacturing industry and their innovations will be 
required to sustain the industry in the future. Whether 
this new generation of facilities will be competitive for 
the commercial supply of biopharmaceuticals is a dif-
ferent question. It has been proposed that the biomanu-
facturing plant of the future could operate 6 × 2000  l 
(probably disposable) bioreactors delivering 30-kg prod-
uct harvests every 2 days over a total cultivation period 
of 12 days [46], which may eventually achieve the annual 
yield of up to 4 tons of a monoclonal antibody product 
with a facility costing less than $100 million and the cost 
of goods equivalent to approximately $70/g. In contrast, 
antibodies produced on a commercial scale with maxi-
mum capacity utilization may achieve a cost of goods of 
$20/g with existing facilities and technology standards, 
representing 1–5% of current sales prices [46].

The risk of not innovating is lucidly described in an 
award-winning paper by Repenning and Sterman [85]. 
Although the scope of this work is broad, covering vari-
ous industries and improvement strategies, the models 
can be interpreted in the context of innovation, as the 
dynamics of the underlying business processes are high-
ly relevant. According to the authors, the performance 
of each production process depends on two factors: the 
amount of time spent working and the capability of the 

process itself. If a performance gap exists, management 
has two options – either to increase the time working 
(work harder) or improve the capability of the process 
(work smarter). The former has a short time constant 
and quickly increases productivity, but over time the 
gain erodes because the real issues are not fixed, people 
have less time to work on new ideas and creative oppor-
tunities. The new steady state is worse than the initial 
one. Thus, the ‘work harder’ approach incrementally 
reinforces itself, increases the performance gap over 
time and reduces the ability of the organization to in-
novate and improve in a sustainable way. On the other 
hand, wise investment in the ‘work smarter’ approach 
creates long-term opportunity for growth. These im-
provements take some time to reap, creating a ‘worse-
before-better’ dynamic, which often forces an ulti-
mately self-defeating ‘work harder’ approach targeting 
short-term gains without considering the potential for 
long-term deterioration. In the context of innovation, 
this means that companies that do not continuously 
invest in new approaches and technologies will sooner 
or later find themselves on a technological gerbil-wheel, 
sapping their energy and performance. In that regard, 
disruptive innovations are a double-edged sword. They 
can breathe new life into an industry and increase the 
quality and performance of the resulting products 
(various examples of this process can be found in the 
computer and semiconductor industries), but they can 
also doom even the most successful companies that 
become over-reliant on incremental improvements in 
traditional methods. The same principles apply in all 
maturing markets with even the biggest players suscep-
tible to disruptive paradigm shifts [46].

Biopharmaceutical development requires a science-
based approach and the resulting innovative treatment 
options are worth the necessary investment. Innova-
tive medicine on the other hand requires innovative 
technology, and such technology sometimes needs 
to be disruptive. Even so, there is a clear need for the 
standardization of bioprocessing equipment. Without 
format and operational harmonization, new and inno-
vative technologies may fail because of incompatibility 
issues, and thus the industry’s resistance to adopt them.

Future perspective
Innovations in the biomanufacturing industry tend to 
be incremental but we are seeing more disruptive inno-
vations that are challenging the industry to adopt new 
strategies. In the future, this will become more impor-
tant, particularly as generics and commodity biolog-
ics take an increasing market share and companies are 
forced to adjust to new cost structures. We predict that 
success in the biomanufacturing industry will become 
increasingly reliant on versatility and adaptability, 
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