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Executive Summary

Continuous perfusion processes demand the delivery of large medium volumes with high reliability,
while maintaining accurate nutrient supply over extended cultivation periods. In real-world biore-
actor environments, mechanical variability, backpressure effects, and limited measurement reso-
lution often undermine rate-based feeding strategies, leading to cumulative dosing errors.

This application note describes the implementation of a gravimetrically corrected perfusion strat-
egy using Lucullus® software, in which the cumulative medium delivery is requlated rather than the
instantaneous feed rate. By controlling the integrated mass of feed delivered over time, the system
compensates for pump drift and measurement noise while maintaining accurate overall dosing.

Applied to perfusion processes developed at Safi Biotherapeutics, the approach enabled stable
and reproducible operation, despite the use of relatively low-resolution balances under variable
hydraulic conditions. The control logic demonstrated robustness to common operational events,
such as feed container exchanges and changes in feed setpoints.

The results demonstrate that gravimetric control based on cumulative delivery can significantly
improve perfusion robustness in complex R&D environments. The strategy provides a practical
solution for current perfusion challenges and establishes a framework that can be extended to
more advanced feeding and perfusion architectures as process requirements evolve.
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Introduction

Perfusion culture has long been used in mammalian bioprocessing, with several therapeutic pro-
teins produced this way since the 1990s. The industry later favored fed-batch for its simplicity and
yield, but advances in cell retention and control over the last decade have renewed interest in per-
fusion as a route to higher productivity and stability at very high cell densities. (Perfusion mamma-
lian cell culture for recombinant protein manufacturing - A critical review, 2018).

Perfusion has a dual role: removing metabolic waste, while at the same time providing fresh nutri-
ents. The nutrients must be supplied at a predetermined quantity and rate, requiring high accuracy
(stoichiometric feeding). This creates a contradiction between the need for precise feedingand the
limited measurement resolution of high-capacity balances. In other words, an accurate amount of
nutrients must be delivered within large volumes of medium required for the removal of metabolic
by-products — a fundamental challenge of perfusion control.

To resolve this and achieve the desired control performance, the process logic must include built-
in compensation for inherent inaccuracies. The application of gravimetric feed corrections is an
effective way to enable such compensation. In the Application Note “Precision in every drop - per-
fect gravimetric feeding with Lucullus® software”, published by Securecell in September 2025, the
gravimetric feed principle was explained in detail. A brief summary of this explanation follows be-

low here.

Gravimetric Feed Principle

This approach relies on real-time mass measurements to directly quantify the amount of liquid de-
livered and helps to overcome the inherent variability introduced by tubing deformation and
time-dependent changes in pump performance. Gravimetric feeding is used in those cases where
a high degree of accuracy is required for feeding the bioreactor. The accuracy and precision of the
balance are critical, as the measurements of the weight of the feed solution by the balance are the
basis for correcting the feed pump setpoint. Suich a setup is commonly referred to as a gravimetri-
cally corrected feed, orin short, a gravimetric feed. The following is required to set up a gravimet-
ric feed (Figure 1):

« Adevice with aninbuilt/programmed feedback mechanism, capable of making the neces-
sary calculations for gravimetric feed control at a relatively high frequency. Some bioreactor
controllers have this capability, but most often a computer with SCADA software is employed
for this purpose, such as Lucullus®.

« Apump for administering the feed solution to the bioreactor. It can be either a pump inte-
grated into the bioreactor controller or an independent, stand-alone pump.

- Abalance for measuring the feed weight, preferably with high precision.

« Both the pump and the balance must be physically connected to the device in charge of the
gravimetric feed control, to allow for data exchange between these devices. For gravimetric
corrections to be as effective as possible, it is necessary to collect the balance measure-
ments and correct the pump setpoint at a relatively high frequency.
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Figure 1-Schematic of a gravimetric feed setup. The icon on the top represents the computer with Lucullus® software, the icon on the
bottom left represents the bottle with feed solution on a balance, theicon on the bottom right represents the bioreactor, and the icon on
the bottom center represents the bioreactor controller. The solid line represents the tubing, which connects the feed bottle to the biore-
actor. Thedottedlinesrepresent the cable connections betweenthe Lucullus® computerand the balance and bioreactor controller, which
allows Lucullus® to communicate with these two devices.

Safi Perfusion Operation

The Lucullus®Operations team at Securecell specializesin process automation and has success-
fullyimplemented gravimetric feed correction solutionsat various customer sitesinthe past, such
as recently for Octarine Bio (reference: Application Note "Precision in every drop - perfect gravi-
metric feeding with L ucullus® software”).

Inthe past months, agravimetric feed correction solution was developed fora perfusion process,
designed and optimized by Safi Biotherapeutics (Safi), a biotech company with locations in the
United States and in the United Kingdom (UK).

Safi Biotherapeutics develops allogeneic, ex-vivo-manufactured blood cell therapies — including
red blood cells (RBCs) for transfusion — at scale and with viable economics. At the UK site, work
focuseson cultivatinghuman RBCsfromhematopoietic stemcellsinbench-scale suspensionbio-
reactors.

Safi's process development builds on decades of industrial experience in recombinant protein
manufacturingusingmammalianhosts.However, unlikethose productionsystemswheresecreted
moleculesarethe product,inthe caseof Safi,the cellsthemselvesarethe product. Thisdistinction
imposes unigue requirements on process design: exceptionally high cell counts, high viability,
physical integrity, and the desired cell phenotype are all essential. Seen through this lens, it be-
came evident that high-throughput perfusionis not optional, but fundamental (Figure 2).
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Figure 2 -Continuous media exchange maintains a stable environment for the proliferating and differentiating cells. A cell retention sys-
temkeepsthe cellswithinthe bioreactor, while the mediumis continuously renewed, removing metabolic by-productsand supplying fresh
nutrients.

As continuous medium inflow is required in a perfusion process, one might assume this could be
achieved simply with an accurately calibrated peristaltic pump. Although peristaltic pumps can
achieve high accuracy when tested in open bench conditions —approximately 99% accuracy from
beaker to beaker when tested at Safi —their performance in an enclosed bioreactor environment is
markedly less reliable. At Safi, errors were observed of 15-20 % during actual cultivation runs,
which were attributed to -pressure effects and long-term deformation of the pump tubing under
continuous operation.

To ensure accuracy, repeatability, and consistency, more robust feeding control was required.
Gravimetric feeding offers this stability by relying on direct mass measurements rather than as-
sumed pumpdisplacement, thus eliminating systematicdrift due to mechanical or pressure-relat-
ed changes. Conveniently, the Lucullus®software was already in place at Safi, as the complexity of
the bioprocess performed at Safinecessitatedanagnostic SCADA platformto coordinate multiple
control loops and data streams.

Inthis article, it is described how the Securecell and Safi teams developed a Gravimetric Feeding
Operation for Lucullus®, in close collaboration. During this work, it was realized that rather than
chasingtheslope —thatis, constantly correctingtheinstantaneousfeedrate —itismore effective
to chase the integral, ensuring the correct total medium delivery over a defined time period. This
change in perspective reshaped our understanding of what accurate feeding control meansin a
perfusion process.
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Materials and Methods

The following equipment was used for executing the processes with a gravimetric feed at Safi
(Figure 3):

Process control software:
Lucullus®(version 24.1.1, Basic + Control license)

Bioreactor process controller:
Benchtop bioreactor process controller for local execution of process control functions

Bioreactor vessels:
TLand10L stainless-steeland glassvessels, aswellas customsingle-use bioreactorvessels; ves-
seltype and scale selected according to experimental design

Feed and waste pumping:
Free-standing, casedlaboratory peristalticpumpsformediumadditionand spentmediumremoval

Feed mass measurement:
Mass balance integrated with Lucullus® for gravimetric feed control

Cell retention system:
Alternating Tangential Flow(ATF)or Tangential Flow Filtration(TFF)-based cellretention systems,
selected according to experimental requirements

Figure 3-lllustrativeimages of key process elementsused during perfusion operation. Images are shown forvisual context onlyanddo not
representacomplete system configuration.

Results and Discussion

Considerations for Process Automation

The operational logic applied at Safi distinguishes itself from Securecell’s approach in previous
projects, where gravimetric feeding was applied mainly for accurate feeding control in fed-batch
processes. In those cases, feeding was volume limited and designed to follow a calculated feed
curve(reference Application Note “Precisionin every drop - perfect gravimetric feeding with Luc-
ullus® software”).
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In contrast, Safi’'s process must maintain a relatively high-volume continuous inflow and outflow,
while retaining the cells within the bioreactor. The shift from feed correction to perfusion control
requires the programming of additional logic elements, such as continuous medium removal trig-
gered by a level sensor, when a certain liquid level is reached in the bioreactor. It is important to
note that the presence of the cell retention device, where the permeate is routed through an HFF
(Hollow Fiber Filtration) cartridge, introduces additional and variable hydraulic resistance.

Giventhelargerworking volumes and the need for flexibility across bioreactor scales (950 mL - 30
L), high-capacity balances (up to 35 kg) are required, which typically offer lower resolution: 5 g in
the case of Safi. This posesachallenge for effectively applying gravimetric corrections to the bio-
reactor feed, for which scales with a high resolution are particularly suitable.

Anotherdistinction from previous workis that, instead of operatingarobust, production-oriented
process optimized forreproducibility and throughput, Safi's systemremainsin the R&D phase of a
complex, variable, and biologically sensitive process. To support this, greater flexibility must be
builtinto the Lucullus logic to accommodate frequent process modifications and daily bioreactor
operation, such as frequent feed bottle and feed setpoint changes.

Applying Gravimetric Corrections to a Perfusion Process

In the processes currently performed by Safi, the set feed rate is kept constant for a prolonged
duration of time. The set feed rate may be changed at some pointduring the process by the opera-
tor. The feed ratesare not always predefined at the start of the process, reflecting the exploratory
and adaptive nature of R&D work.

Inprinciple, it should berathereasytoapply gravimetric correctionsto the feed pump when afixed
rateisset; doingsoforadynamicfeedrate(increasinglinearly, exponentially oraccordingtoapre-
set profile) poses more challenges(reference: Application Note “Precision in every drop - perfect
gravimetric feeding with Lucullus® software”).

However, in the case of Safi, the equipment available (balanceswith arelativelylow accuracy of 5 g)
made it impossible to effectively implement the same strateqy for applying gravimetric correc-
tions, asin prior cases. The principle applied in these cases was to correct the rate of the feed
pump directly at arelatively high frequency, by calculating the actual feed rate based on two con-
secutivebalance measurements andusing the error(difference with the desired feedrate)to cor-
rect the feed pump setpoint.

When this principle was implemented at Safi, the combination of relativelylow feed rates, veryin-
accurate balance readings and relatively short cycles (in the order of magnitude of a few minutes)
ledtoaverypoorperformance, with the gravimetric correctionsdoingmore harmthan good. Itwas
therefore decided totake adifferentapproach forSafi'sprocesses: instead of calculating correc-
tionsbasedonthe currentfeedrate, dosobased on the total amountof feed dosed since the feed
pump was started (and maintained at the same target rate).

Tothisend, themeasurement of the feed weightis captured at the time the feed pump is started
(parameter weight_start). Subsequent weight measurements are then subtracted from the start
weight, yielding the totalamount of feed solutiondosed atagiventime. Thisamountisthendivided
by the time that has passed since the feed pump started, resultingin the actual feed rate over that
duration(parameter feed_rate_av). Thelatterissubtracted fromthe desired feed rate(parameter
feed_rate_target); thedifference(parameterfeed_error)isthenusedto calculate the gravimetric
correction factor (parameter FCF), which is based on a proportional component (parameter PCF)
and anintegral component(parameter ICF).
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The poor accuracy of the feed balance complicated a stable regulation in several ways:

1) The first increment recorded by the balance proved to be systematically unreliable. Al-
though the balance reading would go down by a discrete step of 5 grams, the actualamount
of feed added to the bioreactor could have been anything between 0 and 5 grams.

2) Particularly at low feed rates, the measurements of the balance had a tendency to wobble,
i.e., despite liquid being removed from the feed bottle, the weight measurements could
fluctuate up and down with steps of 5 grams. This made capturing any particular balance
reading to be used for further calculations an uncertain factor.

3) Capturing balance measurements at a fixed time period(feed cycle), asin earlier, compara-
ble work, also did not work out well. The balance reading incrementing by 5 grams just after
the measurement was captured for subsequent calculations would result in an additional
inaccuracy introduced to the gravimetric correction factor FCF.

Thesethree phenomenawere especially deleteriousinthe early stagesof the feeding. Astime pro-
gressed, theireffectsongravimetric corrections would increasingly become less significant. The
main aim of Safiwasto have averyaccurate dosage of feed at the end of the feeding period, which
would allow for periods of overfeedingand underfeeding, aslongas these balanced outin the end.
Nonetheless, steps were taken to minimize (temporary)overfeedingand underfeedingas much as
possible.

1) To avoid the issue with the first increment of the balance reading, Lucullus® was pro-
grammed to only capture the starting weight (parameter weight_start) after the second
increment was recorded.

2) To deal with the balance readings’wobbling, the Lucullus® Logical Device NSA was used to
calculate the average feed weight (parameter weight_av), based on the last 10 recorded
balance measurements. Subsequent calculations were thereafter performed exclusively
with this averaged weight, instead of the last recorded weight measurement. This not only
helped smooth out the wobbling, but in addition provided extra resolution to the weight
values, i.e., the average weight changing with steps smaller than 5 grams.

3) Instead of imposing a fixed frequency on the feed cycle, Lucullus® was programmed to wait
forasignificant change of the feed weight(parameter DBSI), with a default value of b grams
or more, before calculating a new gravimetric correction factor. For this purpose the (aver-
aged) feed weight was captured at the start of each new feed cycle (parameter weight_
cyc_init).

The entire mechanism for applying gravimetric corrections to the feed pump setpoint is further
highlighted below here in Figure 4, Figure b, Figure 6, and Figure 7.

Figure 4: Calculation of the averaged feed weight (parameter weight_av), based on measurements of the feed weight(parameter weight_
pv)usingthe Lucullus®Logical Device NSA(named AV_FEEDW in this step). The number of measurementstobe averaged is determined by
the parameter HistSize. In addition to the average weight, the NSA Device also calculates the standard deviation over the averaged values
(parameter weight_dev).
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Figure 5: Initialization of the feeding and the gravimetric corrections. Feeding is started at the desired rate without gravimetric correc-
tions, by assigning the value stored in parameter feed_rate_target to the setpoint of the feed pump (parameter pmp_feed_sp). Gravimet-
ric corrections are only applied after a user-defined period of time has expired (parameter Attr.Grav_feed_start_delay). When this has
occurred, Lucullus® starts calculating several parameters based on equations, which continuously update throughout the remainder of
the process: corr_flag(explainedin detailin Figure 8), feed_error(the difference between the calculated, actual feed rate and the desired
feed rate), co_p (proportional control output, based on the feed error), co_i(integral control output, based on the feed error), co_lim_p
(control output limit for the proportional factor, based on the target feed rate), co_lim_i(control output limit for the integral factor, based
onthetargetfeedrate), FCF(feed correctionfactor, based onthe sumof the proportionalandintegral correction factors), feed_rate_corr
(corrected feed rate, based on the sum of the target feed rate and the feed correction factor), and pmp_feed_sp (feed pump setpoint,
based on either the target feed rate or the corrected feed rate).

Figure 6: Control logic for the gravimetric corrections, programmed over two Steps that together form an endless loop. When the Step
“Gravimetric feeding”is executed, first the starting weight for the new feed cycle is captured (parameter weight_cyc_init), and Lucullus®
increments with the value of 1a counter that keeps track of the number of (successfully executed) feed cycles (parameter feed_count).
Lucullus®then waits for the (averaged)feed weight to drop to a significant degree (parameter DBSI). When this has occurred, the feed rate
over that particular cycle is calculated (parameter feed_rate_cyc, typically not very accurate), as well as the feed rate since the start
weight was captured(parameter feed_rate_av, increasingly accurate as time progresses). The start weight(parameter weight_start)and
corresponding start time (parameter time_start)are captured only once: at the end of the second (successfully executed)feed cycle and
retain their values, unless special circumstances take place (see the section below here). This is tied to the value of feed_count, which is
reset to 0 when these special circumstances occur(see Figure 9). In the Step “Calculate corrections’, the gravimetric correction factors
based on proportional calculation and integral calculation are calculated (parameters PCF and ICF, respectively). The sum of these two
parameters is the overall feed correction factor FCF. All three of these factors are initialized at 0 and remain at this value for a number of
feed cycles, determined by parameter MCSW (default value of 3 cycles). This effectively negates gravimetric corrections during that time.
The rationale for this is that the feed correction factor FCF is the most inaccurate at the very start of the feeding, gradually improving in
accuracyovertime.Oncethe proportionalandintegral correctionfactorsare calculated and applied, they are limited by the control output
limits (parameters co_lim_p and co_lim_i, respectively). This is a precautionary measure to avoid drastic changes of the feed pump set-
point, which would result in(wild) oscillations, and to ensure a careful and moderated push of the calculated, actual feed rate towards the
desired feed rate.
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Implementing Robustness in the Operation

One of the first features that was introduced to make the Operation more robust was a parameter
named abort_flag. The main purpose of this parameteris to override the automatic control of the
feed pump by Lucullus®, in case there isaneed for a manual intervention. When this parameteris
assigned a value of 1by the operator, the gravimetrically corrected feed rate (parameter feed_
rate_corr)isignored, and instead a user-defined, fixed feed rate is assigned to the setpoint of the
feed pump(parameter feed_rate_target). In Figure 7the controllogic for the feed pump requlation
is shown in detail.

Figure 7: Controllogic for the feed pump requlation. An equation was defined for the setpoint of the feed pump (parameter pmp_feed_sp).
The equation is executed continuously by Lucullus® which means that if any of the components in the equation acquires a new value, the
equation is automatically re-calculated. The equation contains a conditional statement, which allows the value of either parameter
feed_rate_corr or feed_rate_target to be assigned to the pump setpoint. Parameter feed_rate_corr is the calculated end result of the
gravimetric corrections and is assigned to pmp_feed_sp under ideal conditions. When conditions are not ideal, the value of feed_rate_
target is assigned to pmp_feed_sp instead. The latter can happen automatically (value of feed_rate_corr 0 or lower) or by intervention of
the operator, by assigning a value of 1to parameter abort_switch.

Oneof the thingsthat setsapart the solution programmed for Saficompared to previous solutions
is applying corrections to the feed pump based on the measured total amount of feed solution
dosed by that pump over an extended period of time, instead of the calculated feed rate overarel-
atively short time period. The main advantage of this method is that the two requirements men-
tioned in the Introduction of this article, nolonger need to be met:

« The balance for measuring the feed weight does not require high accuracy, and good results
can be obtained even if the balance has low accuracy.

« [tis not necessary to collect the balance measurements and correct the pump setpoint at a
relatively high frequency. In fact, correcting at alow frequency will help dampen the effects of
poor balance accuracy at the start of the feed, when this is most detrimental.

As mentioned, an inherent weakness of this method is that when a balance with low accuracy is
utilized, at the early stages of the feeding the calculated amount of dosed feed tends to deviate a
lot from the actual dosed amount. Correcting the feed pump based on the calculated amount of
dosed feed at that stage will do more harm than good. To cope with that, itis best to let the feed
pump run for some time without applying gravimetric corrections. As time passes, the difference
between the starting weight and the current weight on the feed balance will continuously grow
larger until the pointisreached that theinaccuracy of the balance isinsignificant compared to the
weight difference. At this point, it would be safe to enable gravimetric corrections for the feed
pump.
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It cantherefore take some time before the feed startstoget corrected. Fortunately, the algorithm
isthen able to correct the feed to compensate for underfeeding or overfeeding during the period
preceding the activation of the gravimetric corrections. How much time needs to be reserved for
waiting with the gravimetric corrections is dependent on the equipment used (balance accuracy)
and particular process conditions(feed rate), and should therefore be determined for each unique
situation individually.

Anotherdisadvantage of thismethodissusceptibilitytodisturbances, inparticulardisturbancesto
the weight indicated by the feed balance. Consider the following scenarios:

1) The balance is only briefly disturbed and the weight temporarily shifts but then returns to
more or less the same value as before the disturbance. In some cases, the balance may
temporarily read 0 due to a communication glitch or the triggering of an inbuilt function,
such as “auto-tare”.

2) The balance is briefly disturbed, the weight shifts, and does not return to(more or less) the
same value as before, but rather a significantly higher or lower value.

3) Thebalanceisdisturbedforalonger period of time, for example, because the feed contain-
eris exchanged.

4) The feed rate target is changed at some point during the process.

Note thatin all these scenarios a protective mechanism was introduced, which moderates the in-
fluence relatively large disturbances have on the calculation of the gravimetric correction factor
FCF. This is achieved by applying the control output limits (parameters co_lim_p and co_lim_i) in
the equations as a hard cut-off for calculating parameters PCF and ICF, respectively(Step “Calcu-
late corrections”).

In scenario 1, the impact on the feed accuracy is limited. In most cases, the disturbance will first
appearandthendisappearinthe middle of the feed cycle, before the correction factor for the feed
pump setpoint FCF is calculated. By the time this does happen, the disturbance no longer has an
effectonthe calculation. Incase thedisturbance takesplacejustbefore the correction of the feed
pump setpointis calculated, it willhave anundesired effect on that calculation, and the feed pump
setpoint will be adjusted too much or too little.

However, this would eventually be corrected during subsequent feed cycles, provided no further
disturbances directly affect the calculation of the gravimetric correction during that time. In the
gravimetric feed Operation programmed for Safi, this is avoided altogether. Thisisaccomplished
by tracking the standard deviation of the averaged feed weight (parameter weight_dev)and com-
paringthistoauser-definedlimit(parameter DBDW). Whenthislimitisexceeded, Lucullus®pauses
the gravimetric corrections until the deviation drops below the limit. At this point, Lucullus®resets
the starting weight (parameter weight_start) and the gravimetric corrections are started from
scratch(Figure 8 and Figure 9).

In scenarios 2 and 3, the impact on the feed accuracy is more severe, with the degree of severity
depending on how much the feed weight measurement was shifted by the disturbance. Although
the gravimetric correction factor FCF islimited by the control output limits co_lim_pand co_lim_i
during each round of calculations, Lucullus® will eventually manage to fully correct for the shift of
the feed weight on the balance. If no measures are taken, this will lead to an error in the actual
dosed amount of feed, e.g., the total amount of feed to be dosed either fall short of the target or
overshootsit. To avoid this from happening, the following would be required:

« Inthe case of scenario 2, Lucullus® would need to be programmed to detect the shift of the
feed weight and act accordingly to correct for the shift. The mechanism based on the stan-
dard deviation of the averaged feed weight described for scenario 1is also capable of dealing
effectively with the shift of the feed weight described in scenario 2.
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« Inthe case of scenario 3, the shift of the feed weight is anticipated, and Lucullus® has been
programmed to cope with this(Figure 10). A dedicated branch in the Parallel Block, consist-
ing of 4 Steps, enables the operator to indicate that a bottle exchange is about to take place
and to indicate when the exchange has been completed. During the bottle exchange, gravi-
metric corrections are paused. Once the exchange is completed, the starting weight used
forthe feed correction calculation isreset. The gravimetric corrections then make a fresh
start.

- Inthe case of scenario 4, no shift of the feed weight is anticipated, but the starting weight
used for the feed correction calculation does need to be reset. If this does not happen, Luc-
ullus®will start to correct the feed pump setpoint based on the history of the feed dosed with
the previous, different feed rate target. This will result in unjustified and unneeded correc-
tions. To cope with this, another dedicated branch in the Parallel Block, consisting of 4
Steps, has beenintroduced inthe Operation for Safi(Figure 11). It is very similar to the branch
programmed for the bottle exchange, with the main difference being that the feed pump is
not temporarily stopped in this scenario. Note that in the case of Safi, the feed rate is kept
constant foran extended period of time, both before and after the target feed rate is
changed, which allows for the particular strategy described here to be used.

Figure 8: Inthe Step “Initialize feeding” the parameter corr_flag is defined as a function of an equation, which is executed continuously. In
this equation the weight of the feed solution is (indirectly) monitored. If the weight is consistently increasing instead of decreasing (Attr.
count_weight >=MAWI)or when the standard deviation of the averaged feed weight is too large (weight_dev > DBDW/1000) this indicates
aproblemwiththe balancereadings, e.qg.adisturbance. Parametercorr_flagwillacquireavalue of Oinsuchasituation, effectively putting
gravimetric corrections on hold.

Figure 9: In the Step “Gravimetric feeding”, the parameter feed_count is incremented each feed cycle (feed_count = feed_count +1), un-
less parameter corr_flagis 0. If such is the case, feed_count is reset to 0 (feed_count - @if(corr_flag = 0; 0; feed_count)). This typically
happensasaresultof anunplanned disturbance of the feed weight, aplanned bottle exchange oraplanned change of the feed rate target.
Once corr_flag changes from O back to a value of 1, feed_count will start incrementing again. When it has reached a value of 2, the start
weight will acquire a new value, based on the current calculated averaged feed weight (weight_start = @if(feed_count =2 AND corr_flag
=1; weight_av; weight_start)). During the next feed cycle, gravimetric corrections are then resumed.
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Figure 10: The branch in the Parallel Block of the Operation is re-
sponsible for dealing with a bottle exchange. The blue Steps indi-
cate so-called Manual Steps, i.e., Steps dedicated to interactions
with the Operator. Upon execution of the first Step, Lucullus®asks
the operator to confirm that the bottle needs to be exchanged.
When this has happened, Lucullus® stops the feed pump (pmp—
feed_md = 0), resets gravimetric corrections (feed_count = 0),
and freezes the feed cycle by assigning a value of 1to parameter
chng_feed_flag. The third Step is then executed, and Lucullus®
asks the operator to confirm that the bottle has been exchanged.
When this happens, Lucullus® restarts the feed pump and un-
freezesthe feed cycle by assigningavalue of 0 to chng_feed_flag.
At this point, Lucullus® makes a fresh start applying the gravimet-
riccorrections. At the same time the last Step in this branchloops
backtothefirst Stepandwaits for the Operator to notify Lucullus®
of another bottle exchange at a later time.

Figure 11: The branch in the Parallel Block of the Operation is re-
sponsible for dealing with a change of the target feed rate. The
blue Steps indicate so-called Manual Steps, i.e., Steps dedicated
tointeractionswith the Operator. Upon execution of the first Step,
Lucullus® asks the operator to confirm that the target feed rate
needs to be changed. When this has happened, Lucullus® resets
gravimetric corrections(feed_count = 0)and freezes the feed cy-
cle by assigning a value of 1to parameter chng_feed_flag. The
third Step is then executed, and Lucullus® asks the operator to
confirm that the target feed rate has been changed. When this
happens, Lucullus® unfreezes the feed cycle by assigning a value
of 0 to chng_feed_flag. At this point, Lucullus® makes a fresh
start applying the gravimetric corrections. At the same time the
last Step in this branch loops back to the first Step and waits for
the Operator to notify Lucullus® of another change of the target
feedrate at alater time.
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The Final Operation

The Operation developed for Safi contains more functionality than was discussedin this article so
far. Amongst otherfunctions, itincludes a user-friendly option for selecting the desired pumps for
feedingandbleeding(3 options possible, inboth cases). Another parallelly executed functionisre-
sponsible for maintaining a stable workingvolumeinthereactor by enablingableed pump whenev-
ertheliquidinthereactor makes contact with the level sensor. The Operationinits entirety canbe
seenin Figure 12.

Figure 12: Overview of the final version of the complete gravimetric feed Operation. Steps with yellow headers are executed auto-
matically by Lucullus®, whereas those with blue headers require input from the operator before Lucullus® can proceed to the next
Step. Ontop of the Step Chain, the blue colored Steps “Choose feed pump”and “Choose bleed pump” allow the operator to select for
both the feed and bleed pumps one particular pump out of a selection of three available pumps, providing extra flexibility to the
user (the different pumps have different capacities). When the operator has confirmed inoculation, Lucullus proceeds to the Par-
allel Block called “Perfusion”, and then executes the 5 branches in that Parallel Block simultaneously. From left to right, these
branches have the following functions: executing feeding and gravimetric corrections, changing the target feed rate, exchanging
the feed bottle, removing excess liquid (bleed), and tracking the progression of the feed weight on the balance.

Performance

Performance of thefinal version of the Operationwastested duringlive cultivations at Safi, and the
following was achieved: stable and robust regulation of the cumulative amount of feed medium
dosed. The algorithm is capable of dealing effectively with exchanges of the feed bottle, feed set-
point changes, and temporary balance disturbances. Following the initial start of the feeding, a
feed bottle exchange, orafeed setpoint change, it takes afew hours for the actual(averaged)feed
rate to stabilize at the desired target feed rate. This time period is typically shorter at higher feed
pump setpoints. The fluctuations of the actual (averaged)feed rate compared to the target feed
rate are the largest immediately after the initial start of the feeding, a feed bottle exchange, or a
feed setpoint change, when balance readinginaccuracies have arelatively highimpact on the cal-
culations of the actual (averaged)feed rate. These fluctuations diminish over time, as long as the
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conditions stay stable (no feed bottle exchange, feed setpoint change or balance disturbances).
Utilizing this Lucullus® Operation enabled Safi to feed with a deviation of 0.5% or even less during
these cultivations. Thisis further highlighted in Figure 13, Figure 14, Figure 15, and Figure 16.

Figure 13: Performance of the gravimetric feed correction algorithm for cultivation “Run A”. During the execution of thisrun, relatively low
target feed rates were employed, ranging between 0.46 to 1.40 g/min. The horizontal axis indicates the time[h]since the start of the pro-
cessin Lucullus®, the vertical axis indicates the feed rate [g/min]. Three parameters are plotted in this graph: the target feed rate (black
curve), the actual(averaged)feedrate(red curve), and the setpoint for the feed pump(blue curve). During this cultivation, the feed setpoint
was firstincreased two times, and at a later stage decreased four times. In addition, several feed bottle exchanges took place during the
period when the cultivation was at the highest feed rate. The red and blue curves show fluctuations after each feed bottle exchange/set-
point change, which diminish over time, with the red curve eventually fully overlapping the black curve. Note the constantly changing
offset between the target feed rate and the feed pump setpoint, clearly indicating the need to do gravimetric correctionsin order to feed
sufficiently accurately.

Figure 14: Detailed view of the feed reqgulation for cultivation “Run A", during the final stages of the process. The horizontal axis indicates
thetime[h]since the start of the processin Lucullus®, the verticalaxisindicatesthe feedrate[g/min]. Three parametersare plottedin this
graph: the target feed rate (black curve), the actual (averaged)feed rate (red curve), and the setpoint for the feed pump (blue curve). More
clearly visible than in Figure 13 are the fluctuations of the red and blue curves, following each feed setpoint change, and the red curve
overlapping the black curve. Also, more clearly visible in this graph are the adjustments applied by Lucullus® to the feed pump setpoint, in
anattempttopushtheactual(averaged)feedrate towardsthe target feedrate, indicated by the upwards ordownwards sloping blue curve.
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Figure 15: Performance of the gravimetric feed correction algorithm for cultivation “Run B”. During the execution of thisrun, relatively high
target feed rateswere employed, ranging between 4.6 to 8.9 g/min. The horizontal axis indicates the time[h]since the start of the process
inLucullus® the verticalaxisindicates the feed rate[g/min]. Three parametersare plotted in this graph: the target feed rate(black curve),
the actual (averaged)feed rate (red curve), and the setpoint for the feed pump (blue curve). During this cultivation, the feed setpoint was
increased two times. In addition, several feed bottle exchanges took place during the period when the cultivation was at the highest feed
rate. The red and blue curves show fluctuations after each feed bottle exchange/setpoint change, which diminish over time, with the red
curve eventually fully overlapping the black curve. Note the upwards drifting offset between the target feed rate and the feed pump set-
point that can be seenin 3 different parts of the graphic(8-19 h, 32- 42 h, 52 - 69 h), clearly indicating the need to do gravimetric correc-
tionsinorder to feed sufficiently accurate.

Figure 16: Detailed view of the feed regulation for cultivation “Run B, during the initial stages of the process. The horizontal axis indicates
thetime[h]since the startofthe processinLucullus® theverticalaxisindicatesthe feedrate[g/min]. Three parametersare plottedinthis
graph: the target feed rate (black curve), the actual (averaged)feed rate(red curve), and the setpoint for the feed pump (blue curve). More
clearly visible thanin Figure 15 are the fluctuations of the red and blue curves, following the feed bottle exchanges and the single setpoint
change, and the red curve stabilizing on top of the black curve from 30 h onwards. Also, more clearly visible in this graph are the adjust-
ments applied by Lucullus® to the feed pump setpoint, in an attempt to push the actual (averaged)feed rate towards the target feed rate,
indicated by the upwards sloping blue curve in the time period 25-40 h.
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Future Improvements

During the preparation of this paper, several new ideas began to take shape. One promising direc-
tion is the decoupling of perfusion and nutrient feeding. In this concept, plain medium exchange
would be controlled separately, to maintain environmental stability and remove metabolic by-prod-
ucts, while nutrient feeding would follow an independent gravimetric control profile aligned with
metabolic demand. This separation could greatly simplify control logic while improving both accu-
racy and robustness. Future work will explore how such decoupling could be implemented in Luc-
ullus®logic and tested experimentally across different scales of bioreactors.

Another improvement would be to include other feeding strategies than constant feed, such as a
linearly increasing or exponentially increasing feed. Thiswould also require adifferentapproach for
calculating the gravimetric corrections to be applied to the feed pump setpoint: it would be neces-
sary to integrate (over a given time period) the mathematical function used for the target feed rate,
to obtainthe desired amount of feed solution dosed(over that time period). The difference between
this desired amount and the actual dosed amount can then be used as a basis for the gravimetric
corrections. As for the constant feed applied in Safi's processes, balance disturbances, feed bottle
exchanges and changes to (a) parameter(s)involved in the feed equation would necessitate reset-
ting the gravimetric correction calculations.
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Figure 17: New concept for the perfusion process at Safi, in which perfusion and nutrient feeding are decoupled. Bulk medium is supplied
via a peristaltic pump with flow-rate monitoring, eliminating the need for high-capacity balances. Gravimetric feed control isimplement-
ed at the software level, enabling accurate cumulative dosing and flexible feed profiles(e.g., exponential, ramped, or process-responsive
strategies based on pH or cell-related signals). By decoupling feeding from perfusion flow, overall control complexity is reduced, and ro-
bustnessincreased, while maintaining scalability.
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Conclusion

The gravimetric perfusion logic developed through the Safi-Securecell collaboration extends be-
yond this specific application. The approach directly addresses common challenges in high-vol-
ume perfusion — such as limited balance resolution, variable back pressure, and dynamic process
scaling — which are shared by many Lucullus users. Once implemented, this logic can be readily
adapted by other laboratories and companies operating similar SCADA-controlled bioreactor sys-
tems, enabling more accurate and stable perfusion control across diverse setups.

KEY TAKEAWAYS

The innate flexibility of Lucullus® enables successful process automation of pro-
cesses, even if some of the key requirements for automation are at odds with each
other.

Performing gravimetric corrections based on the integrated flow rate offers ad-
vantages over corrections based on the current flow rate, including higher preci-
sion of the amount of feed dosed over along duration and the ability to work even
with low resolution scales.

A drawback of employing gravimetric corrections based on the integrated flow
rate is the sensitivity to disturbances of the scale measuring the feed weight, in
particular when the disturbance causes a permanent shift of the recorded weight.
Including protective mechanisms in the algorithm makes it possible to effectively
cope with this.
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