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Here, we first examine whether lessons may be
learned for autologous cell processing from other
fields addressing personalized targets. We then
summarize how manufacturing innovations in
diagnostics give general pointers to cell and engi-
neered tissue processing for allogeneic and autol-
This analyzes the
bioprocessing issues specific to regenerative med-

ogous cells. editorial
icine, such as the crucial interface with patients
and clinicians and the impact of the distinctive
regulatory framework. We conclude by summa-
rising the desirable characteristics of future

regenerative medicine bioprocessing.

‘As with all medicine, regenerative
medicine faces the challenge of how
much must be customized and how
much can be standardized.”

Personalized products in other sectors &
autologous cell processing

A field close to autologous cell regenerative medi-
cine, in terms of dealing with differences between
individuals, is the treatment of patients in conven-
tional healthcare. As with all medicine, regenera-
tive medicine faces the challenge of how much
must be customized and how much can be stand-
ardized. The medical profession has moved from
an almost totally customized approach towards
treatment to one that now embraces varying
degrees of standardization. This is in part eco-
nomic, but may also lead to a better outcome for
the patent than the classical customized one: a
standard procedure can ensure that treatment
does not rely solely on the memory of a busy phy-
sician. Bohmer noted that customized treatment
can be separated completely from a standardized
one on the basis of early-stage decisions or parted
later when the need becomes evident [1]. Having a
separation scheme allows expensive specialist
human intervention to be focused on the non-
standard patient. Whenever a division is made,
data that allow a clear decision are crucial, and the
higher the proportion of patients that require a
custom approach, the higher the overall cost of all
units processed. Autologous cell and tissue
processing poses similar challenges [21. There will
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be cell outiers from some people that, for a
number of reasons, may fall outside standard
processing conditions and will need specialist
intervention in their bioprocessing. As in treating
patients generally, it is likely to be possible to
apply common limiting values to some of the fac-
tors affecting the bioprocessing of human cells,
such as control of shear, while others may need
greater customization, such as the addition of
stimulating molecules. Patient variation also poses
challenges in their imaging by methods such as
methods
have been devised to normalize these and enable a

magnetic resonance imaging (MRI);

better distinction between healthy and diseased
tissue. Nyul and colleagues described an approach
that relates the image histogram to mean values
established previously [3].

At first sight, recent developments in mass pro-
duction appear to be relevant. It is now increas-
ingly common in fields such as automotive
engineering and computing to be able to purchase
personalized products. By new organizational
approaches, these can be supplied at near the mass
production price but are tailored to the desires of
individuals. However, the approach rests upon the
intrinsic availability of a finite range of standard
stock, such as car components of different body
color and engine size or of computer alternative
hardware and especially software variants. The
mass customization entails mixing and matching
these stocks. Thus, the intrinsic difference com-
pared with regenerative medicine is that the
‘stock’, which is the individual human cells, is
almost infinitely variable. If those differences are
reduced, the cells will tend towards allogeneic. A
more recent mass customization development in
another industry has a somewhat greater bearing.
Developments in computer and machine technol-
ogy are allowing clothing, such as suits, to be cus-
tomized without the costs being as high as for
Here, the
human variations are very large with many permu-

conventional personal tailoring [4].

tations. The material from which the clothing is
cut is still of a limited range of variations, although
the approach does offer the pointer that if a tech-
nology can use the power of modern computation,
it may be possible to achieve realistic costs when
each item is individualized. Nevertheless, there
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must still be a low-cost device technology to which
the computation interfaces. The method described
by Dekker and colleagues also applies to modeling
the individual human body for medical purposes,
such as drug dose decisions, and this philosophy
will also have relevance [4].

Where a philosophy of a ‘market of one’ (5] may
be very relevant to regenerative medicine is in the
approach to the nature of the business model and
the bioprocess thinking that underlies it. Initially,
the use of allogeneic cells appears much more
attractive in simplifying the technology. However,
by the same token, it will make competition more
intensive globally. By contrast, the ‘market-of-one’
approach is very demanding in organizational
terms and those, such as the computer company
Dell, that have developed a built-to-order prod-
ucts capacity with related delivery have had to
underpin it very effectively. This has demanded a
well-integrated supply chain, advanced informa-
tion systems from order entry and exceptionally
strong support from delivery and logistics part-
ners. The typically web-based systems used must
be able to move quickly from an order to inven-
tory level check, component reservation, calcu-
lated manufacturing time and a delivery date. The
actual manufacturing control must be flexible,
with a decision in place at each process step and
information collected up to the minute into man-
ufacturing execution systems (MES). Each prod-
uct in an autologous cell bioprocess line will be
distinct, therefore, the enterprise resource plan-
ning (ERP) system must be updated constantly.
When a customer (in the case of regenerative
medicine, the surgeon or clinician) logs onto the
company’s website, they would require real-time
processing data, so the system must be highly
accurate. Orders are delivered individually, not as
palleted loads, and timely delivery is critical. Since
there is no retailer role of a conventional kind
other arrangements, such as service agreements,
are required to sustain outreach. Such market-of-
one companies have to achieve a high focus on
organizational performance via training and pro-
ductivity and quality must be uniformally high.
These developments will not occur immediately
in regenerative medicine, although a progression
towards them can be envisaged. For example, ini-
tially, an engineered artery is likely to be a stand-
ard material but, given that the equivalent of 600
miles a year of tube would be needed globally to
replace the use of vein autografts, there will be
scope for more personalized material; diameter
variants to account for the difference between
men and woman, and length variations to account

for the projected position of implantation. The
degree of segmentation will be likely to influence
the level and type of any automation. This is
because the justification of classical automation,
to allow high-throughput production of identical
products, will not then apply, and any automation
must be able to address the variants easily. If
human somatic cell nuclear transfer (SCNT) were
ultimately to allow ‘personalization’ of embryonic
cells, it would provide a strong incentive to pursue
a market-of-one approach.

In looking for other analogs for human cells,
biological feedstocks, such as agricultural materi-
als, represent a sector where variability has been a
long-term source of technological difficulty. In
most cases, variability is between large items, such
as fruit, fish and meat carcasses so that, for exam-
ple, the imaging methods are not directly relevant
to cell-scale materials, although some may apply to
tissue constructs. More directly applicable may be
the means of dealing with variability by computer-
based methods. For example, the use of knowl-
edge-based control systems to deal with the inher-
ent variability of agricultural products also applies
to human cells [¢). Similarly, the training of robots
to assemble food products, such as sandwiches and
pizza, may be relevant [7].

Manufacturing innovation pointers
from other sectors applicable to all
regenerative medicines

Although, currently, the preparation of units of
human cells and tissue is a highly specialized activ-
ity, it will inevitably conform to the forces that are
shaping other manufacturing activities. These
include the need to be able to launch new prod-
ucts quickly and to achieve a rapid adjustment
capability as markets change. Since human cell
science, especially that of stem cells, is changing
rapidly, there is a requirement for manufacturing
to be flexible. Finally, there is a need to be able to
quickly alter the quantity of product produced. As
with all sectors, there will be an inverse logarith-
mic dependence of scale of global manufacture
and price [8]; just as penicillin production began at
a low level with a high unit value and the price fell
with overall scale and inherent competition, the
same will be true with human cells and tissue,
even if the quantities are much smaller.

‘Since human cell science, especially
that of stem cells, is changing rapidly,
there is a requirement for manufacturing
to be flexible.

Regenerative Med. (2006) 1(5)
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The field of medical diagnosis offers some use-
ful insights on automation to address the need for
throughput and the impact of competition.
Tomar noted that early automated instruments
mimicked manual methods, but later took advan-
tage of newer technologies [91. These allowed labo-
ratories to meet the large increase in testing
demands at lower cost per test and without
increasing staff. From the 1950s to the 1980s,
individual automated instruments still remained
separate, but then total laboratory automation
(TLA) installations began to be developed. How-
ever, Tomar noted that whereas the payback
period for laboratory equipment was typically
2-3 years, the equivalent time for TLA may be
5-7 years and administrators become concerned
about obsolescence over this timeframe. He
emphasized that a significant part of the problem
has been the lack of agreed standards on issues
such as computer codes, bar codes and electrical
systems, a deficiency now beginning to be
addressed. The same considerations will apply to
regenerative medicine bioprocessing. Tomar also
makes the point that, over time, diagnostic labora-
tories will need fewer medical technologists and
more computer specialists and engineers, and this
too will apply to regenerative medicine. The
changes that have been occurring in clinical labo-
ratories (for example, Conn and Snyder [10]) may
give a clue to how regenerative medicine bio-
processing will develop. The trend has been for
diagnostic testing to be viewed increasingly as a
commodity rather than a medical service. As this
comes to pass in regenerative medicine, cost cut-
ting will become a necessity and there will be pres-
sures to consolidate activities in larger centers that
can achieve savings due to throughput, although
this will rest on whether storage stability for cell
feedstock and final products is adequate. As the
regenerative medicine field develops, it is likely
that contract manufacturers will grow to specialize
in the production of materials for clients that wish
to retain a focus on the science. Such contractors
will require particularly robust technology since it
will be the basis of their business. Equally, if major
healthcare companies enter the field, their early
bad investment experiences suggest they will need
to give more attention to the special demands of
regenerative medicine bioprocessing, which differ
significantly from molecular pharmaceuticals. In
relation to finding bridging, medium-throughput
automation, the use of robots in fields such as
genotyping is of interest since it illustrates the
capacity of robots to deal with flexible numbers of
units once an initial investment is made [11].

Classically, manufacturing advances com-
menced with a progression to mass production (to
reduce cost), then lean manufacture (to raise qual-
ity at still lower costs), followed by flexible manu-
facture (to produce a variety of products in the
same system). The dangers of flexible manufac-
ture (being expensive to cover all options and also
being susceptible to obsolesce) have led recently to
arguments for reconfigurable manufacture, where
core process modules and related software can be
rearranged quickly and reliably [12]. Since regener-
ative medicine companies are often pursuing sev-
eral target tissues, a capacity to ‘mix and match’
processing units and software would aid flexibility

and profitability.

Distinctive features of

regenerative medicine

Patient & clinical interfaces of bioprocessing
Regenerative medicine using autologous cells dif-
fers from previous medicines, such as small-mol-
ecule drugs, biopharmaceuticals and allogeneic
cells, in that there is a much more intimate con-
nection between a clinician harvesting the cells,
those processing them and the surgeon or physi-
cian who implants the material. The dose form
of a molecular drug is a matter of concern to the
manufacturer, but the format in which human
cells are provided for therapy will be a more
direct component of the processing. For cell
expansion with allogeneic cells, there is no partic-
ular interface with the person deriving the origi-
nal cells, however the interface with the physician
or surgeon, in terms of administration of the
expanded cells or matured tissue, is much closer
than for most molecular medicines, except for
those that demand infusion. In addition, it can
be important to match the therapeutic material
to the site of use. More subtly, the nature of the
disease state in the patient’s tissue may influence
how implanted cells or tissue are applied and the
‘whole bioprocess’ philosophy must embrace
consideration of such issues.

‘As the regenerative medicine field
develops, it is likely that contract
manufacturers will grow to specialize in
the production of materials for clients that
wish to retain a focus on the science!

To address the severe challenge of preserving
sterility, it will help if the bioreactor in which an
engineered tissue is to be produced is also the
vessel in which it is supplied for patient treat-
ment. If this is not possible, minimum or no
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manual intervention is desirable in transferring
material to the final container. If the tissue is dif-
ficult to extract from its container, it will not be
favored by the clinician or surgeon. Conversely,
the form of engineered tissue could enhance and
change the way surgeons operate. For example,
cardiac surgery is already beginning to be per-
formed by robotic systems [13] and more repro-
ducible material, such as engineered artery,
provided in a suitable cassette would make the
use of robots for by-pass surgery much more
attractive than with material from the patients’
veins with tied-off tributaries (side branches).
Surgical robots are also being applied to neurol-
ogy to achieve very high precision [14] and, in
principle, linkage direct to a supply of cells pro-
vided by automated expansion could avoid all
human contact. However, it is not necessarily the
case that a more sophisticated product will be
best. For example, if a full-thickness skin is pre-
pared, rather than a temporary skin substitute, it
must be harvested and applied by a surgeon
rather than a specialist nurse practioner, thus the
cost rises and the throughput of treatment falls.
It is essential that a manufacturer is not held
responsible if poor handling at the user site is the
cause of product damage. In addition, it is vital
with autologous material that the initial harvest-
ing of material from the patient meets the same
high standards and that confusion between
material from different patients is avoided at all
stages. This requires training to embrace not
only mainline bioprocessing staff but also those
who harvest cells and who ultimately use the
cells or engineered tissue. Equally, if the delivery
method for the cells does not safeguard the phys-
ical and biological state of the cells, they will be
unacceptable as therapeutic material. This can be
assisted by aids that check material identity and
its state. In terms of identifying cells and their
source, there are strong parallels with what is
now performed to avoid confusion between
patients themselves and their diagnostic samples.
In the past, bar coding has been used, however
its need for close line-of-sight reading and the
possibility of error due to bending or surface
damage does not make it ideal. As a result, there
is considerable interest in radio frequency identi-
fication (RFID) systems. These incorporate elec-
tronic devices, called transponders, and reading
units. The transponders, or tags (as they are
known), are attached to the items to be identi-
fied. The tags do not communicate continuously
and instead only send out responses on receipt of
a coded request, thus saving wasted battery

power. The method does not require line of sight
and is being examined to increase efficiency in
the supply chain for short shelf-life goods [15].
There is particular interest in healthcare applica-
tions [16]. In such fields, any handling out of
tightly temperature-controlled conditions is
potentially damaging and RFID can also log this.
Harrop noted the use of tagged Luer fittings to
prevent this, but the correct linkage confirmed
by an electronic handshake and the evidence of
correct procedure is inherently easy to record to a
computer. He noted the value of RFID in con-
necting ‘islands of automation’” and this is likely
to be valuable in the semiautomation that will
characterize regenerative medicine for the fore-
seeable future. The current range of RFID is
approximately 10 m for tags without batteries
but ranges up to 700 m with battery systems
being developed. y-ray irradiation of the type
used to sterilize disposable components destroys
the silicon chips used currently, although ver-
sions that avoid this are reported [16]. Active
RFID chips (those with an internal power sup-
ply) can be integrated with sensors, such as those
measuring temperature and humidity [17).
Variations in cell quality and quantity from
individual patients will have a major impact on
autologous cell progressing. At the front end of
the process, the level of contamination of bone
marrow biopsies reported ranges from 3 to 26%
and, thus, has a profound impact on bioprocess
consistency [18-21]. In addition, there is evidence
of great variation in the bone marrow material
taken from patients. Phinney and colleagues
examined mesenchymal stem cells from
17 healthy donors and found a 12-fold variation
in growth rates in vitro [221. There was no corre-
lation with age (19-45 years), however differ-
ences occurred in muldple aspirates from
individuals and even in left and right aspirates
on the same occasion, suggesting cellular hetero-
geneity due to harvesting. This will either need
to be countered by automated aspiration or
allowed for in processing. An effective approach
will need to embrace an improvement in bone
marrow harvesting methods as much as those of
the subsequent stages. Similarly, the means by
which human embryonic stem cell lines are
derived must be improved to achieve higher effi-
ciency and greater consistency. Likewise,
somatic cell nuclear transfer (therapeutic clon-
ing) will probably require robot-assisted manip-
ulation if it is to be successful and efficient. The
manual procedure demands a high degree of
skill, for example, the microinjection of a
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somatic cell nucleus into an enucleated egg is
exceptionally difficult in part owing to its small
size (50-100 pm). Recently, the creation of a
single-cell manipulation-supporting robot has
been described [23]. Its aim is to reduce the coor-
dination burden on the operator, who typically
has to manage eight x, y and z direction control-
lers of the micromanipulator as well as observ-
ing the result by high-resolution microscopy.
The cell shape is deformed during microinjec-
tion and, in order to minimize the physical
stress on the cell, damage to the outer mem-
brane must be minimized. Thus, as in the main
bioprocessing steps, the issue of shear-related
effects is crucial and a degree of automation can
reduce the danger of an unintended hand move-
ment. It is also susceptible to the collection of a
permanent record of the force used so that the
procedure can be optimized over time. Related
studies of mammalian cells in microfluidic sys-
tems [24] will increasingly mean that other initial
cell manipulation steps prior to downstream
expansion stages after micromanipulation will
be susceptible to automation. They will demand
careful characterization.

Even with the elimination of avoidable varia-
bles in human source material, there will remain
variations due, for example, to age [2526].
Haddad and colleagues have identified several
potential specific gene clusters, one of which cor-
related with T-cell proliferation and may poten-
tially be used to predict cell expansion and
possibly, in the future, to rescue poorly perform-
ing patient samples [27]. This, and similar genetic
analyses, are currently being applied mostly to
cell culture, but will need to be conducted for
other bioprocess operations since these can also
cause cell stresses.

As well as being provided in a convenient for-
mat, autologous cells or engineered tissue must be
available to a schedule workable for the physician
or surgeon. For engineered tissue especially, this
will ultimately mean the surgical team will be able
to access, although not change, the bioprocess
status of a patient’s material so that their schedul-
ing gains the maximum efficiency. It may be pos-
sible for the process center to adjust the schedule.
For example, by lowering the temperature, it is
possible to slow the growth rate of cells in engi-
neered tissue to match the desired window for
use. Just as the clinician or technician harvesting
initial cells must be trained to meet the high
standards needed to achieve good tissue practice,
so must those dealing with reimplantation if high
whole-bioprocess performance is to be achieved.

Impact of the regulatory framework

on bioprocessing

The regulatory demands for regenerative medi-
cine materials are potentially greater than for
molecular pharmaceuticals and much more severe
than for most other industries. Although some
therapeutic materials will only contain the prod-
ucts of cell synthesis, the central ones will involve
living cells that can reproduce once implanted.
Therefore, compared with molecular pharmaceu-
ticals other than genes, there is a potendal for
greater long-term damage if the material is not in
the correct state. Such are the complexities of cel-
lular processes that the definition of this state is
difficult, especially when it has to be achieved
noninvasively [21. The regulatory authorities rec-
ognize the challenge but inherently, as commercial
developments proceed, they will be obliged to
tighten their control progressively. The US FDA
has now formulated clear guidance on good tissue
practice [28,29]. Essentially, this seeks to balance the
degree of regulation against the risk of individual
categories of material and, broadly, the more bio-
processing applied, the greater the degree of regu-
latory control, since the opportunities for
contamination and adverse conditions increase.
The rules do acknowledge the particular chal-
lenges of regenerative medicine, such as the inabil-
ity to apply terminal sterilization to the product
and the relative slowness of some of the analytical
outcomes. Nevertheless, they emphasize the need
for sophisticated current good tissue practice
(cGTP) systems to fully characterize materials in
order to achieve the consistency that will be the
hallmark of good products. For example, it will
require the preparation of several hundred stand-
ard operating procedures (SOPs) also covering
materials used. The current lack of a single global
regulatory framework, and particularly the uncer-
tainties in Europe, are a serious constraint on the
new field. The kind of bioprocess systems afore-
mentioned and their linkage via computer-based
methods, appear likely to be essential for all but an
early-stage cottage industry. The potentially large
amounts of operational, environmental and ana-
lytical data both on- and off-line will pose a chal-
lenge in providing information for managing
bioprocesses as well as informing the physician or
surgeon on the readiness of material. Data man-
agement is a problem faced by the whole biomed-
ical community, from basic systems biology to
clinical evaluation of multiple patient data. In the
case of bioprocessing, as in all pharmaceutical sec-
tors, the data-processing systems will need to be
validatable 30].
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Although this paper is not concerned
directly with issues such as reimbursement by
insurers or acceptance of regenerative medicine
costs by public sector authorities, these are
plainly issues where the user and intermediate
organizations have a large impact on the pro-
gression from manual to more automated bio-
processing. The necessity to establish
acceptability before large automation invest-
ments favors manual approaches; however,
given that acceptance, there is then a consider-
able incentive to automate to meet the price
demands of those that pay.

In the processing of macromolecular biophar-
maceuticals, conservatism in the purification
methods used arises because pioneering a new
separation technology through the regulatory
process is very expensive and demanding. Con-
versely, a few bold and more established start-
ups have used new technology to differentiate
themselves. It is likely that regenerative medicine
bioprocessing will demonstrate similar patterns.

Progression towards automation

From the aforementioned examples and lessons
from other fields, it is possible to draw some con-
clusions regarding the likely nature of equipment
and operating approaches for bioprocessing to be
applied to regenerative medicine.

To progress from research-oriented process
systems it will be necessary to give much more
attention to aspects of design that address users,
the needs of validation and the demands of effi-
cient manufacture. Designs should make it easy
for operators to comply with SOPs and for cou-
riers to efficiently transport material without
disturbing the condition of the content. The
design must also be such as not to expose oper-
ators to risk, which could, for example, arise
with autologous sources of cells. From initia-
tion, design should have the needs of validation
in mind. The FDA defines this as ‘establishing
by objective means that a process consistently
produces a result or product meeting its prede-
termined specifications’ [31] and this must
extend to all components and feedstocks.
Equally, all computer-related activity must
comply with requirements, such as FDA regula-
tions on electronic records and signatures [30].
In terms of design for manufacture, scale-out
simplifies large-scale production by simply rep-
licating what is performed with a single unit,
but each unit requires its own monitoring and
control, thus the reliability in a large number of
bioprocessing units must be very high.

As indicated by Kino-Oka and colleagues for
cell expansion [32] and Roos and colleagues for tis-
sue formation [101], robotic methods offer a
method of achieving automation that can be
added to manual procedures. This is particularly
so for procedures involving flat sheets of material.
The ability to add extra robots enable growth in
capacity to be added incrementally. It is also possi-
ble to keep some elements of the task manual
where this is difficult or costly to roboticize. One
consequence of this approach may be to make the
manually conducted activities of rather low
sophistication. This could cut costs, although it
might also reduce the quality of input. Therefore,
it will be necessary for staff to have multitasking
skills. That may be advantageous to operators
since semiautomation does not necessarily elimi-
nate repetitive strain problems [33. With more
complex tissue geometries, there is considerable
interest in computer-based automated methods of
creating scaffolds, however, the subsequent
medium addition may be less easily roboticized [2].

Discussion
At present, the systems for producing expanded
human cells have considerable commonalities
amongst themselves when using manual proce-
dures, although existing semiautomated devices
tend to be more cell specific. For engineered tis-
sue, the few manufacturing systems have been
even more material specific (e.g., Naughton [34]).
It will be necessary to take a view on how much
commonality the future systems can have and
how to achieve integration of standard modular
components that can apply to different tissue
targets. With scale-out as applied to autologous
cells, it will be particularly important to be able
to diagnose problems in a large number of paral-
lel systems and to raise reliability to a high level.
It will also be necessary to take a view on where
human operators are a source of unreliabilicy
and where their involvement is valuable in
assessing the complexity, bearing in mind that,
in routine processing, a degree of fatigue over
the working day is inevitable. Archer and Wood
introduced robotic systems for roller bottle cul-
ture and found that contamination levels, typi-
cally of 5% in the manual processing of bottles,
was reduced to 0.2% by the use of the robotic
system for cell culture and related operations,
such as trypsinization 35]. The report also noted
labor levels tenfold lower.

In situations such as human embryonic cell
line derivation, somatic cell nuclear transfer and
harvesting from bone marrow, we have argued
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that humans supported by automation have
advantages. We have also noted that, for autolo-
gous cells especially, the effective use of comput-
ing power will be important in achieving
reliability and throughput at acceptable costs. In
relation to this, artificial intelligence methods
have recently been applied to choosing the most
effective scheme for tissue engineering [36]. Low-
cost computer-based methods demand the same
need for modularization, integratability and
capacity for easy upgrades in software as that for
hardware. In turn, this indicates a need for proc-
ess staff who can deal with such software or at
least know how to specify it.

Since the nascent industry is inherently science
centered, it will not initally have significant
strengths in bioprocessing, automation and soft-
ware engineering. Therefore, flexible systems that
can establish a bridge from manual via semi-
automation to automation will be valuable.
While in theory, transfer of the production to
low-cost countries is an option where manual
operation could be sustained, in practice, there
are factors that will restrict this. The development
of the biopharmaceutical protein industry has
occurred principally in the USA and Western
Europe owing to the complexity of the materials
and processes and also the availability of a supply
chain of companies providing validated compo-
nents. Human cell-based materials are even more
complex and, in addition, the technology may be
more country ‘embedded” owing to the intimate
links between clinical and process elements. In
the case of small molecule pharmaceuticals, it
tended to be the case that not very efficient proc-
esses were adopted because they were adequate to
yield very high-value products, and if additional
material was later needed, identical facilities of
equally modest efficiency had the advantage of
requiring less development. The greater complex-
ity of macromolecular biopharmaceuticals has
meant that efficient processes are much more crit-
ical and this trend will accelerate with regenera-
tive medicine since product consistency is more
difficult to achieve. The development of a rele-
vant bioprocessing equipment sector will be
important and is happening at present by adap-
tion, in the case of allogeneic human cell culture.
It is based on eatlier developments with mamma-
lian cell culture, both in single bioreactors and in
robot-operated large microwell systems. As
always, at the beginning of a new technology,
there is the problem that commitment by the
supply companies is hard to achieve until the
number of users justifies the developmental

effort. It is here that efforts to envisage more
broadly applicable bioprocess systems will be
helpful in encouraging them.

"...the correct balance between
automation and human intervention wiill
be especially important with
regenerative medicine owing to the
complexity of the material.’

The slowness of human cell expansion and
especially of engineered tissue maturation means
that capital items may be committed for long
periods and lead to implicitly costly products.
Minimizing these times and the number of
stages as well as enhancing yields will help. The
costs of quality clean room space per square area
will also be high, thus compact processes will be
attractive. Although medium costs are high at
present, they tend to be matched by transport
costs with products that have a very limited shelf
life. Therefore, advances in longer term storage
will be of considerable importance.

One of the factors that will influence the
importance of automation versus manual oper-
ations is the extent to which an existing tech-
nology albeit  with
disadvantages. For example, engineered arteries

serves the purpose,
will need to offer real gains in order to replace
the vein autografts now used, except in
instances where no satisfactory vein is available.
Since the latter have no cost, other than the
fairly hidden extra surgical time required for
harvesting and tying-off tributaries, the gains
will need to come from slowly established
advantages in terms of recovery times and life of
graft. Therefore, in the shorter term, cost and
consistency will matter. In other situations
where there is no effective treatment, as in neu-
rological conditions, the initial price chargeable
can be relatively higher, although the demand
for consistency will be exceptional. This will be
achieved only by more rigorous bioprocessing
and a degree of automation.

From the above, it is possible to summarize
the desirable characteristics of regenerative
medicine bioprocesses (Box 1). Above all, they
must produce a good product and do so with
high consistency, and lowered cost for many
units of material. In addition to this, the per-
formance must be reliable, which is served by
the simplest and most elegant design: complex
equipment that is difficult to assemble and
maintain is always a recipe for problems and
safety failures. In a new technology, with an
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Box 1. Desirable characteristics of regenerative medicine

bioprocess design.

e Yields a consistent, safe product.

® Achieves reliable operation.

¢ Easy to alter in throughput.

® Quickly set up and easily maintained.

e Easily displays process and product status.

e Applications to several products.

e Assures operator safety.

¢ Maximum degree of automatic control.

¢ Smooth progression from manual operation to automation.
* Yields lowest cost, consistent with required performance.
¢ Allows autologous cells source identification throughout.
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unstable position in terms of global competi-
tion and the initial lag in clinical acceptance, a
ready capacity to alter throughput will be
important. Equally, an easy ability to view the
status of the process and the product will be
valuable. Although the danger of designs
addressing several products is always that none
will be optimal, such a capacity will reduce
costs and enhance flexibility of output as com-
mercial competition grows. Even for manually
operated bioprocesses, it will be important
that as many of the basic variables as possible,
such as pH, temperature and dissolved oxygen
tension (DOT), are under automatic control
to set points so that human operators are not
overwhelmed by the number of variables.
Over time, an increasing degree of automation
of all aspects is desirable and, in the case of
autologous cell processing with its inherent
scale-out, this will be especially so. However,
the potential for high-development costs and
major development problems in heavily auto-
mated systems pose considerable commercial
risks. These are particularly severe with a new
generation of medicines where venture fund-
ing must be concerned with a fast route to exit
by floatation or acquisition. Since automation
will later allow improved performance and
cost, it will be essential to plan a route from
manual operation via semiautomation to more
extensively automated systems. Most current,
manual processes operate on a 5-day working
week with a 9am-5pm day, with all protocols
based on this schedule. Given that robotic sys-
tems gain by being 24/7 systems, it will not be
a good use of them if manual inputs constrain
this. As aforementioned, the correct balance
between automation and human intervention
will be especially important with regenerative
medicine owing to the complexity of the
material. For autologous human cell-based

products, the variability of its patient sources
and health status will be a particular challenge
for automation. The degree of automation will
ultimately bear heavily on the product cost,
which will become ever more critical as the
Sector grows.

For all human cell-based materials, the
safety of the operator is essential, and this is
especially so for autologous human cell prepa-
rations where viral and other potentially path-
ogenic agents may evade screening. Owing to
the negative insurance and other implications
of diagnosing patients as HIV-positive, such
material is not generally tested and it is neces-
sary to assume some level of incidence. For
autologous material, the capacity to identify
individual patients with particular units of
material from harvesting to reimplantation is
vital. Equally, to achieve the optimal utiliza-
tion of costly medical facilities and staff it will
be necessary for them to be able to easily check
the in-process status of material for treatment
scheduling. For the regenerative medicine sec-
tor to progress from a cottage industry to a
mature one, all these developments must take
place within a framework of agreed interna-
tional standards. Russell has suggested recently
that scientific journals in the field of regenera-
tive medicine should insist on minimal data
standards and methodologies [371. This would
be a valuable complement to equipment, soft-
ware and manufacturing standards. Although
these challenges may appear large, it is notable
that the difficulties of establishing production
of therapeutic proteins were similarly great at a
comparable stage 20 years ago, but very
demanding operations, such as culture above
10 m® bioreactor scale, are now becoming

well established.

*Since automation will later allow
improved performance and cost, it will
be essential to plan a route from manual
operation via semiautomation to more

extensively automated systems.’
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