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B
ioreactor productivities are
h i gh ly depen dent on the
process used to cultiva te
mammalian cell s . Th e s e
produ ctiv i ties d i rect ly

affect the manufacturing plant capacity,
and thereby the economics of produc-
tion of monoclonal antibodies (MAbs).
Hi s tori c a lly, companies have ch o s en
bi ore actor process stra tegies that
emphasize simplicity of scale-up at the
expense of productivity, and conducted
manufacturing using well-characterized
and rel a tively stra i gh tforw a rd batch
processes. Such processes have success-
fully produced small or moderate quan-
tities (ranging from ~100 g to ~1 kg per
lot) of the desired antibody. Given the
a n ti c i p a ted demand for large - s c a l e
quantities of MAbs (and the high stakes
for the companies investing in these
new biological entities), it is worthwhile
to revisit these past selection strategies
and see if — and under what conditions
— they remain optimal today.

This arti cle cri ti c a lly analy zes the
productivity versus simplicity tradeoff
for the three main bioreactor processes
for large-scale manu f actu ring MAb s
(batch, fed-batch, and continuous per-
fusion), and seeks to define practical
criteria to help companies to choose

which method to use. The key factors in
that tradeoff are bioreactor design hur-
dles, ease of scale-up and operation,
econ omics of opera ti on (inclu d i n g
reactor productivity, resulting produc-
tion capacities and media costs/utiliza-
tion), process development factors such
as cell line stability, regulatory implica-
tions, and up-front investment require-
ments.

How different are these processes in
terms of produ ctivi ty any w ay?  We
devel oped an order- of - m a gn i tu de
analysis to estimate the average relative
volumetric productivity, the best cross-
process com p a ra tor metri c , for each
proce s s . We found that fed - b a tch
processes provi de nearly five ti m e s
h i gh er vo lu m etric produ ctivi ty than
batch processes, and that continuous
perfusion systems provide an additional
approximately two times improvement
compared to fed-batch processes (11X
compared to batch). Given these enor-
mous productivity improvements from
batch to fed-batch to continuous perfu-
sion, the simplicity arguments need to
be compelling to stay with a lower-pro-
ductivity process.

The simplicity arguments are not
persuasive enough. We believe that a
combination of three factors makes the
simplicity arguments dated:

 Industry maturity (biotechnology
is matu ring from the singl e - produ ct

company era to multi-product pipeline
companies, making investments in new
technologies more economically viable)

 Thirst for productivity (as drugs
get closer to the market, the need for
greater quantities has grown, making
produ ctivi ty of l a r ge-scale proce s s e s
more important)

 Tech n o l ogical adva n cem ents (many
tech n o l ogical com p l ex i ties of cell - c u l tu re
processing and control have been or are
in the process of being solved)

By succumbing to the “simplicity at
all costs” mantra without fully exploring
the true “simplicity” of the alternatives,
nor fully realizing the magnitude of “all
costs,” organizations miss out on sub-
stantial productivity advantages. We
recommend that organizations increase
the time and resources invested in opti-
mizing process development activities
even as they remain driven by the
urgent need for clinical lots.

Specifically, we recommend invest-
m ents into con ti nuous perf u s i on
processes for companies with robu s t
M Ab pipelines or for produ cts wi t h
anticipated high demand. We further
recommend investments into fed-batch
processes if plant capacity is not a major
factor (e.g.,the product dose is low and
l a r ge qu a n ti ties are not anti c i p a ted ) ,
and/or if minimizing operating cost is
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the key criterion. We recommend batch
processes only if the cell line is unstable
with respect to antibody secretion rate,
or if “no time” exists for robust process
development and none of the criteria
favoring the other processes are met.

Process Overview of the Three
Bioreactor Types

The three main bioreactor processes
for the large-scale manu f actu re of
MAbs are batch, fed-batch, and contin-
uous perfusion. The productivity ver-
sus simplicity tradeoff is quite different
for each type.

Batch Bioreactors
In batch bioreactors, the kinetics of

the cell culture are transient. Following
batch onset, the cells grow and multiply
to concentrations of 2-3 x 106 cells/ml
over a seven to 10 day period by typical
(exponential growth) Monod kinetics.
The Monod model,

is a reasonable expression for describing
the effect of nutrient concentration on
the specific cell growth. In the above
equation, S, is the concentration of the
limiting nutrient, Km, is the Monod
constant, and Mmax is the maximum
specific growth rate. According to this
model, cell growth continues until a
nutrient component limits cell prolifer-
ation, following which the death and
harvest phase commences.

Ba tch bi ore actors are well under-
stood, and have long been successfully
used and scaled-up.1 They are typically
relatively simple to operate once appro-
priate instrumentations are provided to
m on i tor and/or con trol phys i o l ogi c a l
parameters (for instance, temperature,
pH,carbon dioxide,and oxygen). Broth
mixing (an important process control
parameter) is also relatively straightfor-
ward at all concentrations and usually
accomplished with a “gentle” marine
impeller.

Of the three types, batch bioreactors
are the simplest to operate, control,and
scale-up. However, they are also the
least productive (in terms of antibody

concentration and rate of antibody pro-
duction per given bioreactor volume).

Fed-Batch Bioreactors
In fed-batch bioreactors, like batch

reactors, cell-culture kinetics are tran-
sient. The main difference is that cell
c u l tu re life spans are ex ten ded by
adding a concentrated feed stream to
the bioreactor, delaying nutrient limita-
tion and the resulting death of viable
cells. By extending cell life vis a vis the
batch process, antibody titers are raised
significantly. After the feed stream stops
(typically as a result of reaching the
maximum reactor working volume),the
cells enter the death phase either due to
nutrient(s) limitation and/or accumula-
tion of toxic byproduct(s) and the run is
terminated. Typical duration of these
bioreactors is in the range of 14 to 20
days (compared to seven to 10 days for
batch reactors).

Fed-batch bioreactors are controlled
in much the same manner as batch
bioreactors, with very similar instru-
mentation. The only additional com-
plexities relate to the feed stream — its
rate and composition,as well as concen-
tration and the additional time needed
to maintain reactor sterility.

Continuous Perfusion Bioreactors
Con ti nuous perf u s i on bi ore actors

also introduce a feed stream to provide
key nutrients necessary to maintain a
robust cell cultu re envi ron m en t . In
con trast to fed - b a tch proce s s e s , t h e
re actor vo lume is maintained at a
de s i red co n s t a n t working vo lume by
removing a harvest stream (containing
the antibody) at exactly the same rate as
the feed rate entering the bioreactor. As
a result, cell viability remains high (typ-
ically >70%) during the entire length of
the cultivation and the bioreactor can
be operated for a greater length of time
(typically at least 30 days).

Ad d i ti on a lly, because perf u s i on
bioreactors minimize cell loss in the
harvest stream, reactor cell concentra-
tions can exceed 107 cells/ml. Perfusion
reactor variations include hollow-fiber,
spin-filter (external and internal), set-
tling device-based,and magnetic-based.
Some use microc a rri ers or other
“porous-based” matrix structures. In

each design, the intention is to trap or
retain the cells in the bioreactor vessel
either in a surface-attached or suspen-
sion mode.

Although these bioreactors achieve a
much higher cell concentration than
ei t h er of the other two type s , t h ey
require significantly more management,
on going con tro l , and mainten a n ce
while operating.

Productivity Comparisons (Antibody
Production Profiles)

To com p a re produ ctivi ty, we firs t
derived the optimal metric then used
basic assumptions to calculate its value
in each system. Finally, we used a sensi-
tivity analysis to assess the productivity
differential from each bioreactor.

Performance Comparison Parameters
Several parameters have been used to

evaluate antibody production perform-
ance. These parameters (which have
occ a s i on a lly been used to com p a re
across bioreactor types) include trend of
antibody concentration in the broth,the
rate of production in terms of specific
quantity of antibody produced during a
defined period, specific MAb produc-
tion rate, and volumetric MAb produc-
tion rate. Let’s examine each in terms of
its suitability for cross-bioreactor pro-
ductivity comparison.

The optimal para m eter for cro s s -
re actor com p a ri s ons of produ ctivi ty
must take three factors into account:
amount of MAb produced, amount of
time requ i red to produ ce a cert a i n
quantity of MAb, and bioreactor vol-
ume or size required to produce the
desired quantity of MAb.

Certainly, the concentration of MAb
secreted in the bioreactor is important,
but it is not normalized with respect to
processing time. Therefore, compar-
isons solely based on the final MAb con-
centration or titer, are not valid and can
be quite misleading. Similarly, the pro-
duction rate does not take into account
the bi ore actor size and is on ly on e
( i n su f f i c i ent) input for com p a ri s on .
Further, because the intrinsic kinetics of
a ny given re acti on remain the same
regardless of reactor type,the kinetics of
M Ab produ cti on remain the same

Mmax S

Km + S
M=
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regardless of the bioreactor design or
process. Therefore, the specific MAb
production rate is independent of the
bi ore actor de s i gn (assuming that
parameters that affect the rate of pro-
duction, such as temperature and nutri-
ent composition, remain constant in all
three bioreactor types). So, although
invaluable for analyzing the kinetics of
a n ti body produ cti on , the produ cti on
rate is not relevant for our purposes.

When comparing MAb production
rates across various systems, the key
parameter is the volumetric MAb pro-
duction rate. Volumetric productivity is
a normalized parameter that represents
the rate of antibody production per unit
volume of the bioreactor vessel size.
Therefore, it factors in the bioreactor
size as well as the length of time to make
certain the quantity of antibody. It pro-
vides information on how much anti-
body can be obtained in a manufactur-
ing suite per day (and thus is directly
linked to manufacturing capacity).

How is this measured?  The volumet-
ric productivity is directly related to the
concentration of antibody in the biore-
actor and trivially measured for batch
and fed-batch systems. This is simply
obtained by dividing the harvest anti-
body concentration by the total length
of cultivation time (in days). In the case
of the perf u s i on sys tem , it is also
dependent on the dilution rate (defined
as the feed flow ra te / bi ore actor work i n g
vo lu m e : Dilution rate (D) = F/V where
“F”is the feed or perfusion flow rate and
“V”is the working volume of the biore-
actor). In these systems,MAb volumet-
ric productivity is = [Ab]_perf x D,
where “[Ab]_perf ” is the concentration
of a n ti body in the out going harve s t
s tre a m . This equ a ti on is valid for a per-
f u s i on sys tem in wh i ch anti body is freely
s ec reted in the out going harvest stre a m .

Cl e a rly, this model is not app l i c a ble for
the holl ow - f i ber perf u s i on sys tems since
produ ct acc u mu l a tes inside the re actor.

Cross-system productivity comparison
We make the following assumptions

rega rding bi ore actor run times and
M Ab con cen tra ti ons to fac i l i t a te an
order- of - m a gn i tu de analysis of vo lu-
metric productivity.

1. Bioreactor Run Times
Batch: 7-10 days (average = 8)
Fed Ba tch : 14-20 days (avera ge = 17)
Con ti nuous perf u s i on : 20-40 days
(average = 30) at a steady state
dilution rate of ~ 1 reactor
volume/day. (Therefore, D~1.)  
However, for the first seven to
nine days of c u l tiva ti on the re actor
is in growth phase and no 
significant antibody is collected.
Th erefore , on ly 21 of the (avera ge )
30 days of production should be
counted.

2. MAb concentration
Batch bioreactor prior to harvest 
= [Ab]
Fed Batch
= [Ab]_fb = 5[Ab] to 15[Ab]  

(avg. = 10[Ab])

Here, we assume that antibody
concentration in a fed-batch
bioreactor [Ab]_fb is 5- to 15-fold 
(average 10X) higher than a batch
process.

Continuous perfusion
= [Ab]_perf = 1[Ab] to 3[Ab] (avg.
= 2[Ab])

While the antibody concentration
in continuous perfusion system,
[Ab]_perf, is somewhat higher than 

its batch counterpart,it is not as high
as those ob s erved in fed - b a tch sys tem s
due to the continuous dilution of the
harvest stream. Here, we assume 
antibody concentration of perfusion
stream is one- to three-fold (average
2X) higher than batch systems.

Based on the above assumptions,the
fo ll owing rel a tive avera ge vo lu m etri c
productivity can be determined for each
type of bioreactor operation:

Batch:
[Ab]/duration of batch run = [Ab]/8 =
0.125[Ab]

Fed Batch:
[Ab]_fb/duration of fed-batch run =
10[Ab]/17 = 0.59[Ab]

Continuous perfusion:
(21/30) x [Ab]_perf x D = 1.4[Ab]D =
1.4[Ab]

Table 1 shows these results in terms
of percent of the average productivity in
the continuous perfusion model. Fed-
batch bioreactors are nearly five-fold
higher in productivity than batch biore-
actors. Further, perfusion system offer
an additional >two-fold improvement
in productivity compared to fed-batch
(and >11-fold compared to batch).

These stra i gh tforw a rd order- of -
m a gn i tu de calculati ons com p a re well
with reports for both the antibody titers
as well as the volumetric antibody pro-
duction rates.2 Three trends are readily
observed: The antibody concentration
is highest in the fed-batch bioreactors,
the volumetric productivity is highest in
perf u s i on cultu res (the produ ctivi ty
rate in the perfusion cultures is three- to
ten-fold greater than in fed-batch sys-
tems), and batch systems are inferior
with respect to both the antibody con-
centration and the volumetric produc-
tivity rate.

Moving beyond avera ge s , we per-
formed a sensitivity analysis to assess
the effect of each of the above assump-
tions on the final outcome for a partic-
ular cell line. By varying the run times
and the antibody concentrations across
the ranges shown above for both fed-
b a tch and con ti nuous perf u s i on , we

Table 1: Relative antibody production rate expressed in terms of percent of the
average productivity in a continuous perfusion model

Batch Fed-Batch Continuous Pe r f u s i o n

Ave. 9% (0.125 Ab) 42% (0.59 Ab) 100% (1.4 Ab)

Foo tn o te : The nu m bers in parentheses refer to the produ cti on ra te in terms of the anti body
concentration in a batch process.
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found that both the perfusion and fed-
batch processes are always significantly
more productive than batch systems.
For example,even by combining the low
end of concentration (5[Ab]) for a fed-
batch operation, with the longest pro-
cessing time (20 days), we arrive at a
volumetric productivity of 0.25 [Ab],
which is still almost twice as productive
as the highest performing batch opera-
tion — at 0.14[Ab]. Table 2 shows the
results for the range of relative antibody
production rate as determined from the
above calculations for each of the three
systems.

Tables 1 and 2 both illustrate that
fed-batch systems are significantly supe-
rior to batch systems and that a well-
opti m i zed perf u s i on process has the
potential to outperform even the high-
est performing fed-batch model by as
much as 2X. However, the ultimate
selection of a process must balance pro-
ductivity with simplicity and ease of
scale-up.

The Simplicity Factor

When choosing bioreactor processes,
several important factors can critically
affect success in large-scale manufactur-
ing of antibodies. Those factors are:
bi ore actor de s i gn , scale-up and opera-
ti on , process development, regulatory
considerations, and investment require-
ments.

Bioreactor Design
The de s i gn of com m ercial scale

deep-tank batch bioreactors for cultiva-
tion of mammalian cells is well under-
stood. Typical process control issues of
mixing and aeration, as well as critical
parameter controls (such as dissolved
oxygen or pH) and supporting instru-
mentation are well controllable and in
place. Further, because fed-batch biore-
actor design is a straightforward exten-
sion of the batch reactor concept, this
too is considered a solved problem by
the industry.

In con tra s t , con ti nuous perf u s i on
c u l tu res are more com p l i c a ted in
design. Additional mechanical, mag-
netic, or filtration devices (internal or
ex ternal) need to be de s i gn ed and
scaled-up. Moreover, limited familiarity

exists with these systems because not
many perfusion cultures are being uti-
lized for commercial scale manufactur-
ing of MAbs. Although perfusion cul-
tures are now in operation at quite large
scales, the design “tricks” are inherently
proprietary company secrets.

From a pure design perspective, the
vast majority of the industry has tended
to stay with the time-tested approach of
batch reactors. It is,however, safe to say
that no design limitations prevent com-
panies from te s ting and po ten ti a lly
adopting the more advanced fed-batch
and perf u s i on tech n i qu e s , wh i ch are
highly favored when viewed through the
productivity lens.

Scale-up and O peration
Scale-up and operational fears repre-

sent perhaps the single biggest hurdle
that has prevented the industry from
m ore broadly adopting com p l ex
designs. Batch reactors in particular,
and fed-batch reactors as well, are rela-
tively easy to scale up. Continuous per-
fusion bioreactors typically have one or
m ore “a t t ach m en t s” or en tra pm en t
devices, which pose a scientific and an
engineering challenge to scale-up.

Operating reactors on a day-to-day
basis also poses differing requirements
depending on the reactor process. Four
su ch requ i rem ents — opera tor skill ,
reactor sterility, operational difficulties,
and operational cost — are discussed.

Operator Skill
From a personnel skill standpoint,

batch,and to some extent fed-batch sys-
tems, are relatively uncomplicated to
assemble and operate. Perfusion reac-
tors are more complex to assemble and

require more skilled and experienced
operators to run and maintain these
u n i t s . We bel i eve that these skill
requirements are far from onerous, and
that the productivity benefits outweigh
the additional training requirements.

Maintaining Reactor Sterility
A second concern is contamination.

The longer any reaction runs before
harvesting, the higher the threat of con-
t a m i n a ti on . The indu s try therefore
tends to prefer the batch process with its
short time frame to harvest and the least
risk of contamination (and the least
MAb loss if a contamination occurs!).

The time-based argument is suspect
because maintaining sterility for 10 to
14 days (as required for a batch reactor)
is generally just as demanding as that for
an additional 14 to 20 days. While the
enhanced skill and the design require-
ments from the more complex fed batch
and perfusion systems are real, several
competitors have been able to overcome
those challenges and keep these systems
operational for long periods of time
(one month or longer). With more
ex peri en ce in de s i gn and opera ti on ,
companies have been able to avoid con-
taminants introduced by inappropriate
procedures (such as incorrect assembly
and worn-out O-rings and gaskets).

Operational Difficulties
This is of particular importance in

perfusion systems. Continuous perfu-
sion bioreactors in par ticular can suffer
from operational difficulties. For exam-
ple, in a spin-filter-based perfusion sys-
tem, the microfilter wrapped around
the rotating cage can become fouled
f rom cl ogging of the pore s . The indu s try

Table 2. The range of relative antibody production rates in batch, fed-batch, and
continuous perfusion systems.

Lowest relative Highest relative
productivity productivity

Batch 0.10[Ab] 0.14[Ab]

Fed-batch 0.25[Ab] 1.07[Ab]

Continuous perfusion 0.7[Ab] 2.1[Ab]
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has tried to overcome these challenges
in several ways by designing alternative
entrapment means and filtering tech-
nologies. Clogging is often due to sub-
optimal cell concentration and/or per-
fusion rates. Overcoming this problem
requires control over the operational
parameters that affect screen fouling.3

It is also po s s i ble to modify the spin-filter
de s i gn to peri od i c a lly back - f lush the
u n i t s , c i rc u mven ting cl oggi n g. Som e
companies have overcome these opera-
tional hurdles,and the design and scale-
up complexities, to achieve commercial
scale anti body manu f actu ring using
continuous perfusion bioreactors.

Although some perfusion bioreac-
tors have proven impossible (or at best
difficult) to scale-up, a few have success-
fully been utilized on a commercial scale
and merit atten ti on . For instance ,
Centocor has developed a technology
based on spin-filter perfusion bioreac-
tors and Ch i ron has devel oped an
i n cl i n ed settling devi ce tech n o l ogy.4

Both systems have been used in com-
mercial manufacturing for many years.
In fact, these companies found that,
despite the additional design and scale-
up ef fort , perf u s i on bi ore actors can
actually be easier to operate once the
growth phase is completed and the pro-
du cti on phase stabi l i zed . This is
because relatively few simple manipula-
tions are involved in operating a perfu-
s i on bi ore actor on ce it re aches the
steady-state production phase, especial-
ly compared to the two to three consec-
utive fed-batch bioreactors needed to
generate what a perfusion bioreactor
provides in one run.

The demand for multiple short-term
fed-batch bioreactor runs to match the
o utp ut of one lon g - term perf u s i on
bioreactor makes the fed-batch alterna-
tive less attractive . The tu rn a ro u n d
time requ i rem ents for batch or fed -
batch reactors and the cleaning, disas-
s em bly, re a s s em bly, and steri l i z a ti on
processes can be labor intensive. And,
the increased frequency of disassembly
and reassembly increases the chances of
mechanical problems.

Operational Costs
Cell culture-related operational costs

are inversely related to the level of anti-

body ti ter in harvest su pern a t a n t .
Clearly, the higher the antibody concen-
tration in the product stream, the more
efficiently the cell culture medium is
utilized. Because cell culture medium is
one of the most expensive components
of upstream operation, better use of the
medium translates into significant cost
savings. In fact, the inverse of antibody
concentration — defined as the liters of
cell culture medium processed in order
to generate one gram of antibody (typi-
cally expressed in units of L/g) — can
determine the medium cost incurred to
produce one gram of crude MAb. The
cost of cell culture medium significant-
ly affects the overall operational pro-
cessing cost, so that fed-batch systems
(with highest antibody titers) will have
lower operational costs. Operational
costs, therefore, are an important con-
sideration in the ultimate design choice.

From process scale up and opera-
tional perspectives, organizations need
to weigh the choice between fed-batch
and perfusion (when productivities are
similar) based on a preference between
the less labor inten s ive perf u s i on
process at higher operational cost and
the more labor inten s ive fed - b a tch
process at lower process cost. The trade
off is between media cost and operator
co s t , with the answer most likely
depending on the design team’s famil-
i a ri ty with each process and on the
overall company pipeline and resulting
appetite for capital investment.

Process Development
Ongoing process development is of

paramount importance in supporting a
su ccessful produ cti on fac i l i ty. Som e
opti m i z a ti on is nece s s a ry ac ross all
design types (e.g., media), while others
are specific to a particular type (e.g.,
d i luti on ra te for perf u s i on ) . Wh en
process development time is short, the
easiest route is batch mode cultivation.
However, given the produ ctivi ty loss
resulting from this selection, we recom-
mend that a fed-batch system (at a min-
imum) be evaluated as an alternative
because the ad d i ti onal devel opm en t
ef fort is rel a tively low for what is like-
ly to be a significant produ ctivi ty
enhancement.

Media-related process development
All processes require some level of

media development and optimization.
In general, media optimization is sim-
plest for a batch reactor, slightly more
complex for a fed-batch culture, and
most complex for a perfusion bioreac-
tor. Generally, the nutrient require-
ments observed at lower cell densities in
T-flask matrix ex peri m ents can be
scaled directly to batch and fed-batch
reactors but not necessarily to the per-
fusion reactors, where additional media
devel opm ent work wi ll likely be
required.

System-specific process development
Fed-batch systems require additional

( rel a tively stra i gh tforw a rd) devel op-
ment work to optimize nutrient compo-
sition and flow rate. Perfusion cultures,
h owever, can requ i re fairly ri goro u s
process devel opm en t . In parti c u l a r,
optimizing the dilution rate is of vital
i m port a n ce . Di luti on opti m i z a ti on
implies selecting a rate that ensures that
the (expensive) cell culture media is not
w a s ted (by introducing more med i a
than is required by the cells) while also
avoiding dilution of the antibody con-
cen tra ti on in the harvest stre a m .
Further, the dilution rate is critical to
operational issues such as clogging or
cell washout depending on the type of
perfusion design (spin filter or inclined
settling device).

Key process parameter optimization
significantly affects the success of biore-
actor operations. Perfusion processes
require optimizing additional parame-
ters su ch as diluti on ra te and other
design-specific parameters (for exam-
p l e , angular speed and mesh screen
pore-size for spin-filter-based technolo-
gy ) . However, on ce the appropri a te
design and process parameters are iden-
tified and optimized rigorously, only
minimal variation is observed among
cell lines. Hence, the subsequent sys-
tematic optimization processes can be
term ed “f i n e - tu n i n g” the ex i s ti n g
process.

Regulatory Implications
Several important regulatory issues

guide the selection criteria for the type
of bioreactor operation. These are cell
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line stability, MAb consistency, and viral
load.

Cell line stability
Regulatory authorities require clear

characterization of the master cell bank
( M C B ) , m a nu f actu rers’ working cell
bank (MWCB), and end-of-production
cells (EPC). They also expect that the
cellular rates of antibody production for
MCB, MWCB, and EPC are equivalent
and that the cell line is stable wi t h
respect to antibody secretion rate dur-
ing the various stages of manufacturing.
The less stable a cell line, the less viable
a longer-lasting process is. Specifically,
if the cell line is not stable for at least 10
to 15 gen era ti ons beyond what is
expected in batch process, a continuous
perfusion process is totally infeasible,
and a fed-batch process questionable.
Therefore, for less stable cell lines, a
batch (or at best a fed-batch) culture
may be the only practical possibility.

Product and viral load consistency
Reg u l a tory aut h ori ties furt h er

require that the product profile (the
biochemical, biophysical, and bio-func-
tional properties) should be consistent
throughout the manufacturing process.

A steady-state type process can be
advantageous in this context, because of
the rel a tively con s i s tent produ cti on
environment  (constant cell concentra-
ti on , percent vi a bi l i ty, and anti body
produ ctivi ty ) . An a lyses of produ ct s
purified from early, middle, and late
stages of continuous perfusion process-
es show remarkable consistency across a
wi de va ri ety of a s s ays (bi och em i c a l ,
immunological, and biological). The
single biggest advantage of such consis-
tency relates to lot definition from a reg-
u l a tory standpoi n t . Reg u l a tory aut h ori ti e s
demand consistency within and across
l o t s . Con ti nuous cultu res all ow that
consistency because product from a sin-
gle run can be easily divided into multi-
ple, consistent, sub-lots. Alternatively, a
lot can consist of harvests from multiple
bioreactor runs, which need to be con-
sistent with each other.

Similar to product consistency, regu-
l a tory aut h ori ties also demand vi ra l
load consistency within and across runs.
Most bioreactor systems can ably meet

this requirement.

Investment considerations
There are no substantial differences

in capital investment between the three
systems. All are usually deep tanks with
similar con trol and instru m en t a ti on
accessories. In many cases, the same
vessel is fitted with an attachment,cage,
or other system designs in such a way
that it can be removed and converted
into a fed-batch or batch mode. The
perfusion system may require a slightly
greater up-front investment than batch
or fed-batch bioreactors. However, if a
company needs to manufacture a signif-
icant quantity of MAbs or has a pipeline
of produ cts with po ten ti a lly high
demand, they are well advised to make
this investment to gain higher produc-
tivities.

Conclusions and Recommendations 

To evaluate the productivity for each
of the three bioreactor processes, we
devel oped an order- of - m a gn i tu de
analysis to estimate the average relative
volumetric productivity for each sys-
tem. The conclusions drawn reflect the
assumptions made and the model used,
it may be possible to obtain different
results and conclusions for processes
which require different assumptions or
models. Based on our  assumptions, we
find that fed-batch processes provide an
~5X high er vo lu m etric produ ctivi ty
compared to batch processes, and that
continuous perfusion systems provide
an additional ~2X improvement versus
fed-batch processes (11X compared to
batch). From the productivity perspec-
tive, there is no doubt that continuous
perfusion is the best choice and that the
traditional batch is the least desirable.

However, simplicity and practicality
a re important cri teria as well . We
believe that bioreactor design, instru-
mentation, scale-up, and ease of opera-
tions have improved significantly over
the past decade. The cultivation of
mammalian cells is now relatively well
understood and the cell culture media
requirements are better defined. The
com bi n a ti on of those tech n o l ogi c a l
adva n ces along with the anti c i p a ted
demand for greater quantities of MAbs

call for re-evaluating  the factors that
affect the selection of manufacturing
processes.

We recommend continuous perfu-
s i on processes for companies wi t h
robust MAb pipelines or for products
with high anti c i p a ted dem a n d .
Perf u s i on proce s s e s , while inheren t ly
more sophisticated in design and scale-
up, have been successfully used to gen-
erate large-scale quantities of MAbs. A
well opti m i zed con ti nuous perf u s i on
process can achieve an 11-fold increase
in productivity over batch and a more
than two-fold increase over fed-batch
processes. We recommend investing in
fed-batch processes if plant capacity is
not a major factor (if the product dose
is low and large quantities are not antic-
ipated), and if the labor intensity does
not of fs et savi n gs in media co s t
(achieved through high antibody titers).
We recommend batch processes only if
the cell line is less stable with respect to
antibody secretion rate, or if “no time”
exists for robust process development
and if none of the criteria favoring the
other processes are met.

We expect that the growing demand
for MAbs,the increased need for manu-
facturing productivity, and the growing
comfort with process sophistication will
combine to make fed-batch and contin-
uous perfusion processes the manufac-
tu ring met h ods of ch oi ce for mam-
malian cell culture.
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